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Abstract 
 
Nanoparticles have come and continue to be an extremely interesting research topic due to the 
variety of applications, deriving from the possibility to opportunely tailor their properties through 
different preparation methods. Among nanoparticles, magnetic nanostructures, due to their special 
characteristics, represent an interesting tool for advanced applications.  
 
Focusing our research on the synthesis and characterization of magnetic nanoparticles, we 
developed materials for potential advanced applications. In the framework of my PhD research, I 
devoted myself on two main potential applications: in the biomedical field for magnetic drug delivery 
and in the environmental field for heavy metals capture and organic pollutant degradation.  
The research has been always performed on magnetic nanosized structures, dealing with iron-based 
particles since they allow to obtain, in an easy and reliable way, a product with specific and well-
defined properties.  
 
The PhD research activity was mainly focused on the synthesis and characterization of magnetic 
nanoparticles, opportunely functionalized and engineered to be applied in biomedical and 
environmental fields. 
The difference of the two applications required opportunely tailored materials, and thus proper 
synthetic methods have been adopted. 
The work will be divided into two main parts separated for the specific application where synthetic 
protocols, characterizations and results are reported and extensively discussed.  
In both applications, ferrite nanoparticles were opportunely synthesized and functionalized. Within 
the biomedical field, the main effort was done to synthetize the optimal nanoparticles based material 
to be conjugated with a fluorescent tripeptide and to evaluate the drug release activated through an 
enzyme recognition and cleavage process. 
Instead within environmental field, opportune functionalized nanoparticles were employed in toxic 
metals capture and recovery from waters, performing static and dynamic procedures. 
Experiments among photocatalysis were also performed; magnetite or ferrite nanoparticles were used 
as nucleation seeds in the synthesis of TiO2 nanoparticles achieving excellent efficiency in 
degradation of Methylene Blue. 
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Introduction 
 
 
The current agreement in the research world is that the range 1 – 100 nm defines the size range 
of a nanoparticle. Since particles are three dimensional structures, these objects present at least one 
dimension between 1 – 100 nm, the same dimensional range of big organic molecules or viruses.1  
Even if the given definition is quite clear, it does not really help to identify nanoparticles (NPs). 
The term “nanoparticle” is a subject of controversy regarding the size range and the presence of a 
size-related property. Current usage emphasizes size and not properties in the definition; indeed, the 
length scale may be a hydrodynamic diameter or a geometric length appropriate to the intended use 
of the nanoparticle. 
Talking about NPs, we can find multiple structures in term of composition, organization and shape. 
A significant example can be the comparison between spherical nanoparticles (3D), nanoplatelets 
(2D) and nanowires (1D); all of them fall inside the given definition even if the strongly different 
shape brings to strongly different application and synthesis procedures. 
Since decreasing the size of a particle results in a larger share of the atoms on the surface, and thus 
enhances the influence of surface effects and changes the material properties, the past several decades 
have witnessed a booming research into studying different kinds of NPs and the interface between 
materials.  
Among inorganic NPs, magnetic nanoparticles (MNPs) have gained great interest due to their 
capability to be functionalized in different ways and for multiple purposes.2,3 Among them, magnetic 
single-domain NPs are distinguished because of their broad application fields.4 
These nanometer-sized particles exhibit intrinsic and unique properties, such as high saturation 
magnetization, enhanced biocompatibility (for iron based materials), and less toxicity that involve 
them in the chemical, environmental and medical sectors. For example, superparamagnetic NPs have 
shown promising performance in pollutant removal or toxicity mitigation and some breakthroughs 
have been conducted in various fields, such as industrial, environmental, analytical, and biomedical5.  
In addition, in these fields, the control of the particle size is very important because the size strongly 
dominates the chemical and physical properties of the nanocrystals. For instance, when the particles 
are used in pharmaceutical and biomedical purposes, the magnetic particles should possess very small 
size, narrow size distribution and high magnetization values.  
In particular, superparamagnetic NPs have attracted attention for biomedical applications because of 
their easy manipulation, biological compatibility, physicochemical properties, and extremely tunable 
magnetic properties. The properties of NPs depend on the synthesis methods, interaction among 
particles, particle size distribution, and particle size and shape; thus, a certain biomedical application 
requires a suitable synthesis method to attain specific performance.6  
 
In the first part of the thesis, I report our research on nanoparticles for biomedical applications. 
Magnetite NPs with superparamagnetic properties (high response to an external magnetic field and 
absence of remanence after its removal) have been synthesized. These particles represent an ideal 
candidate for magnetic drug delivery since they can be easily controlled by an external magnetic field 
and they present low toxicity for in vivo applications. In this framework, coprecipitation and high 
temperature decomposition processes were the most investigated. 
 2 
 
Their high surface/volume ratio allow tunable functionalizations to attach molecules and, hence, 
nanoparticles become suitable nanocarriers. 
The main research activity within biomedical applications has been the preparation of a magnetic 
nanocarrier able to conjugate and release drugs, assessing the enzyme promoted cleavage efficiency. 
For this purpose, amino-silane (APTES) modified magnetite NPs were synthesized through a 
hydrolysis and condensation process, and were conjugated to an organic system constituted by a 
fluorescent molecule, a tripeptide specifier and a spacer. The system can release the fluorescent 
molecule upon a selective enzymatic hydrolysis promoted by a lysine specific protease.   
The tripeptide (D-Val-L-Leu-L-Lys) was thought to be recognized by plasmin; plasmin, a serine 
protease, is formed upon cleavage of plasminogen by urokinase-type plasminogen activator (u-PA), 
a protein associated with tumor invasion and metastasis.  
In order to facilitate analysis of enzymatic cleavage and obtain the first proof of concept of an 
enzymatic release of a small organic molecule bound to a magnetic nanoparticle, we decided not to 
bind a real drug, but simply a fluorescent molecule, pyrenemethylamine.  
The linker between APTES functionalized nanoparticles and pyrenylmethylamine can be 
schematically divided into two parts: a specifier peptide, which will act as the recognizing element 
for plasmin, and which will be bound to pyrenemethylamine, and a spacer between the specifier 
peptide and the nanoparticle. 
The choice of the spacer was not trivial, since both the specifier peptide and the APTES functionalized 
nanoparticle ends with an amino group. We selected and used two possible ways to join these two 
amines: a) the transformation into a urea; b) the coupling with a dicarboxylic acid.  
All the magnetite-based products have been extensively studied by means of different experimental 
techniques such as electron microscopy and fluorescence analyses while the organic compounds have 
been characterized through Nuclear Magnetic Resonance and Fourier Transform Infrared 
Spectroscopy. 
Another research activity among nanocarriers was based on micelles and Solid Lipid 
Nanoparticles embedded with iron oxide NPs and Sorafenib (a drug for liver cancer). The samples 
and the in vitro experiments were performed by Dr. Nunzio Denora and Dr. Nicoletta Depalo, 
working at University of Bari and CNR of Bari. My contribution was mainly focused on the magnetic 
characterization of the two materials and the simulation of magnetic accumulation in flow through a 
dynamic glass capillary circuit, to simulate the potential accumulation in body blood flow.  
 
Part of my work, focused on potential biomedical application of ferrite NPs, was carried out during 
the research period I spent at the Norwegian University of Science and Technology, NTNU 
(Trondheim, Norway), in the framework of a collaboration with Prof. D. Peddis and Dr. G. Singh.  
We devoted our attention on the development of core-shell and multi-shell hard/soft ferrite NPs for 
preliminary hyperthermia studies.  
 
In the second part of the thesis, my research on nanoparticles for environmental applications 
is reported. Opportunely functionalized magnetite NPs were investigated as adsorbent in the removal 
of toxic metal ions from artificially polluted waters. Furthermore, the recovery of metals adsorbed 
onto the NPs was evaluated, through complexation with etylenediaminetetraacetic acid (EDTA), in 
more than one cycle of capture/recovery. 
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Due to its high affinity to metal ions, thiol groups were chosen to be the interacting group between 
NPs surface and metals. Hence, thiol-silane functionalized magnetite NPs were employed in the 
capture and recovery of Pb (II), Cu (II), Cd (II) and Ag (I) from waters. 
Different approaches were studied: a static mode, using a test tube as reactor, and a dynamic mode, 
using an appositely designed circuit. The static mode allowed to optimize the experimental conditions 
(concentrations of NPs and metal ions, time of capture, time and dynamics for recovery, etc.); the 
upgrade of the system was evaluated using a dynamic approach in which a glass capillary circuit was 
opportunely designed to treat up to 1 L of polluted water. 
In the framework of environmental applications, another research topic dealt with the 
degradation of organic pollutants through photocatalysts based on magnetic NPs and titania. 
In collaboration with group of Prof. Ferretti, we have studied the synthesis of titanium dioxide 
nanoparticles in the presence of magnetic nanoparticles acting as nucleation seeds. Different chemical 
composition, size and shape of magnetic ferrite nanoparticles as magnetite, cobalt ferrite, nickel 
ferrite and non-magnetic NPs as Lu2O3 nanoparticles, have been investigated. The photocatalytic 
performance has been evaluated in the framework of a standard ISO 10678:2010 protocol, i.e., the 
degradation of a methylene blue (MB) solution of known concentration. The best material was also 
tested for the degradation of Ofloxacin (OFL), an important emerging water pollutant, belonging to 
the class of fluoroquinolone (FQ) antibiotics. 
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1 Applications of NPs 
 
Interest in magnetic nanoparticles has grown recently and their applications have attracted the 
attention of both the research and industrial communities in the chemical, environmental and medical 
sectors.7  
In this field, magnetic NPs gained particular influence extending their applications to magnetic 
separation, drug delivery, hyperthermia treatment and contrast agents for magnetic resonance imaging 
(MRI). The appealing of magnetic nanoparticles in biomedical applications is related to the unusual 
magnetic properties observed at the nanoscale (described in the next chapter).  
The main activities carried out during my PhD research were carried out within the drug delivery and 
pollutant removal areas; thus, in this chapter, I will focus on these two main categories of applications.  
 
1.1 Biomedical applications 
 
Magnetic nanoparticles offer some attractive possibilities in biomedicine. Since NPs have 
controllable sizes ranging from a few nanometres up to hundreds of nanometres, which places them 
at dimensions comparable to those of a cell (10–100 µm), a virus (20–450 nm), a protein (5–50 nm) 
or a gene (2 nm wide and 10–100 nm long), they can ‘get close’ to a biological entity of interest.8 
Biomedical applications with MNPs are generally classified into in vitro (outside the body) and in 
vivo (inside the body). In vitro applications are mainly used in diagnostic processes, such as cell 
separation/selection, magnetic relaxometry, and magnetic resonance imaging (MRI). In vivo 
applications may include diagnostic processes, such as nuclear magnetic resonance imaging, as well 
as therapeutic applications such as drug delivery and magnetic hyperthermia.9  
 
 
Figure 1. In vitro and in vivo biomedical applications of magnetic nanoparticles.10  
 
Although many materials have been synthesized and extensively characterized, for the in vivo 
applications of the particles, there is still a big lack of knowledge due to two big problems. The first 
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problem occurs upon exposing the NPs to a physiological environment, which leads to serious 
agglomeration due to the interaction of the large surface area of NPs with plasma proteins. It has been 
demonstrated that proteins rapidly form a protective protein corona on the surface of the NPs which 
can significantly modify protein activity and structure and interfere with their natural fate. The 
absorption of protein can be tuned up modifying the surface of the starting NPs, i.e. functionalizing, 
for example, the surface with albumin or poly-ethylene glycol (PEG). This treatment is fundamental 
since it allows to vary the interaction NPs – body from innocuous elimination through the urine in 
minutes to strong and aggressive immune response.  
The second problem is strictly connected with the first one. It is related to the nature of nanoparticles 
that can determine their fate into the biological medium. Interaction is mainly driven by the 
characteristics of NPs that define the surface properties: the material chemical composition, surface 
functionalization, shape, porosity and surface crystallinity, roughness, and hydrophobicity or 
hydrophilicity. Other quantifiable properties, such as effective surface charge (zeta potential), 
particles aggregation, stability/biodegradability, dissolution characteristics, hydration and valence of 
the surface layer, are determined by the characteristics of the suspending media, including the ionic 
strength, pH, temperature and the presence of large organic molecules. The internalization of particles 
in the cell through the biological membrane barrier as well as the mechanism of exit through the cell 
still represent two examples of questions without a clear answer. 
1.1.1 Drug delivery 
 
The major disadvantage of most of the chemotherapeutic approaches to cancer treatment is that they 
are non-specific. Therapeutic (generally cytotoxic) drugs are administered intravenously leading to 
general systemic distribution. The non-specific nature of this technique results in the well-known 
side-effects of chemotherapy as the cytotoxic drug attacks normal, healthy cells in addition to its 
primary target, tumor cells. The choice of magnetic nanoparticle-based targeting (Magnetic Drug 
Delivery, MDD) lies in the potential to reduce or eliminate the side effects of chemotherapy drugs by 
reducing their systemic distribution as well as the possibility of administering lower but more 
accurately targeted doses of the cytotoxic compounds. The idea of using magnetic nanoparticles to 
act as therapeutic drug carriers to target specific sites in the body dates to the late 1970s.11,12 Widder 
and others developed magnetic nanoparticles to which cytotoxic drugs could be attached. The 
drug/carrier complex is then injected into the subject either via intravenous or intra-arterial injection. 
High-gradient external magnetic fields generated by rare earth permanent magnets or electromagnets 
with a specific 3D architecture are used to guide and concentrate the drugs to the tumor locations. 
Once the magnetic carrier is concentrated at the tumor or other target in vivo, the therapeutic agent is 
then released from the magnetic carrier, either via enzymatic activity or through changes in 
physiological conditions such as pH, osmolality, or temperature, leading to increased uptake of the 
drug by the tumor cells at the target sites.13–15 
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Figure 2. Scheme of magnetic drug delivery.16 
 
Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are a unique type of magnetic nanoparticles 
that have received most of the research focus because of their many desirable features, such as 
biocompatibility, biodegradability and ease of synthesis17. In addition, their superparamagnetic nature 
makes them the most suitable type of MNPs for biomedical application. Furthermore, no hysteresis 
is produced so that they do not leave any residual magnetization after the external magnetic field is 
removed.  
This property assists in avoiding coagulation, which consequently lowers the possibility of 
agglomeration in vivo compared with other MNPs.18  
Magnetic drug delivery seems particularly appealing since it allows to access regions not easily 
reachable with classical surgery; furthermore, the treatment would be much less invasive, requiring 
much lower doses for the drugs since it would be completely collected in the right place.  
The functionalization of nanosized structure for MDD strongly affects also the uptake of the NPs 
inside the cells whereas the mechanism is not completely disclosed. Therefore, the NPs are usually 
coated with polymers such as dextran, dendrimers, polyethylene glycol (PEG) or polyethylene oxide 
or inorganic materials such as silica.  
Enzymes that are naturally expressed in tumors can be also used for inducing the release of anticancer 
agents from a drug carrier. This strategy is based on drug delivery systems that are susceptible to a 
specific enzyme overexpressed by the tumor (e.g. plasmin). Under the influence of the enzyme, the 
drug is released in the target site.19 
Hence, careful nanostructure construction (tailored drug release characteristics, low immunogenicity, 
specific recognition site etc.) brings to improved treatment efficacy and reduction of unwanted side 
effects. Delivery carriers have often been combined with imaging facilities into unique NPs through 
cleaver formulations of nanoscaled materials, enabling simultaneous in vivo diagnostic imaging and 
drug delivery for real time treatment tracking. 
 
1.1.2 Magnetic Hyperthermia 
 
Another important biomedical application of magnetic NPs is the magnetic hyperthermia (MH). The 
term “hyperthermia” is derived from two Greek words, “hyper” and “thermos” meaning “rise” and 
“heat,” respectively, because this treatment consists of increasing the temperature in a very well-
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defined area just above the physiological temperature (up to ~40 °C) to induce a cytotoxic effect in 
tumor cells.20 Cancer cells are considered vulnerable to “relatively” high temperatures ranging from 
41 °C to 46 °C.  
Taking into account the extent of the treated region, hyperthermia can be classified into three types: 
(a) whole body hyperthermia, (b) partial hyperthermia (applied to treat locally advanced cancer by 
perfusion or microwaves), and (c) local hyperthermia (mainly for smaller volumes than organs). Until 
now, hyperthermia treatments are used locally, to overcome adverse side effects and increase the 
efficiency, and mainly used as coadjutant treatment to chemotherapy. The temperature increase in 
local hyperthermia might be accomplished by distinct approaches based on the use of ultrasound, 
microwaves, or near-infrared radiation.21 Even though these modalities have been commonly used 
during clinical treatment of different cancer types, showing poor spatial and temporal control, 
nowadays MH has some fundamental advantages. Firstly, the applied alternating magnetic field 
penetrates deeper than any other activation mechanism, allowing to reach internal tissues or organs; 
MNPs can be injected in a high concentration range and may stay at the tumor site for repeated 
treatments; tuning the size, morphology and surface functionalization of the MNPs results in 
enhancing biocompatibility, minimizing blood proteins adsorption and in different heating 
capabilities.  
In magnetic hyperthermia, the heat increase is created by the presence of superparamagnetic NPs 
exposed to an oscillating magnetic field. For these particles, the response to the AC field can be 
described in term of their complex susceptibility and the generation of heat can be considered as a 
conversion of magnetic energy into internal energy that occurs when the NPs magnetization lags the 
applied field.22 It is noteworthy to underline that the heating ability (generally referred as specific loss 
power, SLP) is strongly related to the characteristics of the particles in terms of material, size 
distribution, shape and crystallinity, thus an accurate characterization of the magnetic, physical and 
dimensional properties is required.  
 
 
Figure 3. Scheme of magnetic hyperthermia in the cancer treatement. After the injection of the NPs, and their targeting 
to the tumor site, an alternating magnetic field (HAC) is applied to generate the heating loss in the NPs.23 
 
Magnetic hyperthermia, that ensures better performances and successful applications with limited 
damage for the surrounding tissue, have been reached already in 1957.24 The potential medical market 
of the technique has been already achieved in an approved medical device (Nanoactivator) 
commercialized by MagForce («MagForce Company», n.d.) where magnetic NPs are used for the 
thermal treatment of glioblastoma multiforme. Even if the localized heating of tumor cell is obtained 
by hyperthermia, the commercialized device does not require the collection of the particles close to 
the cancer, but it involves the injection of the NPs directly in the treated zone. After the injection, the 
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particles (15 nm aminosilane-coated SPIONs) start to agglomerate thus fixing their position for 
multiple magnetic exposure.25,26  
 
 
1.2 Environmental applications 
 
1.2.1 Toxic metals capture 
 
In recent years, nanosized magnetic systems attracted great attention due to their use for a possible 
new resolution of different environmental problems27; indeed, MNPs have shown promising 
performance in pollutant removal from water or toxicity mitigation.28,29 Similarly, their effective 
application in membrane separation water treatment and purification processes has been 
demonstrated.30,31  
Water pollution by heavy metals and dyes has become a serious problem because of their adverse 
effects on ecological systems and human health.32 Heavy metals like copper, chromium, cadmium, 
lead, zinc, mercury, nickel or arsenic, are released into the environment as consequence of different 
natural or human induced activities such as mining, metal finishing, painting and printing processes, 
pesticides and fertilizers manufacture and use, etc.33–35 Their presence is a major concern since they 
are highly toxic, carcinogenic and mutagenic even at low concentrations.36 On the other side, organic 
dyes can be highly toxic for the aquatic life. Many different pollutant agents can be found since more 
than 100 thousand of different dyes are used in textile, pharmaceutical and cosmetic industries. To 
reduce the amount of such pollutant, various technologies have been developed for the removal of 
heavy metals and dyes from industrial wastewater, such as coagulation/precipitation,37 ion 
exchange,38 solvent extraction,39 electrodeposition,40 membrane filtration,41 electrodialysis,42 etc. 
Even if these approaches allow to decrease the pollutants concentration, many drawbacks have to be 
considered as cost, reduced or poor efficiency and complexity of the removal systems. In this field, 
MNPs have been studied as nanoadsorbent materials for heavy metals and dyes removal and their 
superior characteristics in comparison with traditional adsorbents (i.e. large surface area, high number 
of active surface sites, low intraparticle diffusion rate and high adsorption capacities), make their use 
very promising for the treatment of polluted waters, reducing costs and removing a larger amount of 
pollutants.43 Moreover, the recent improvements in the synthesis methods allow the easy anchorage 
of different functional groups on the surface of the nanoadsorbents: these groups take part in the 
adsorption process as specific binding sites, increasing the adsorption capacity and improving the 
selectivity of the process for each specific pollution problem. Furthermore, their recovery can be 
easily performed with magnetic separators. 
 
Many different kinds of magnetic NPs have been tested for the separation of heavy metals and dyes. 
Nanoparticles of Iron (0) have been successfully adopted for chromium and arsenic where the 
adsorption process is guaranteed by the oxidation of the particles surface in presence of air or water.44 
Iron oxide NPs have been tested as well; according to Chowdhury et al.45 the surface of these particles 
is covered by hydroxyl groups and their chemistry regulate the adsorption properties. In particular, 
anionic metallic pollutants such as arsenate and chromate oxyanions can be adsorbed at low pH 
through electrostatic interactions.34,46 On the contrary, at high pH values these materials are effective 
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in the capture of metal cations as Cu2+, Ni2+, Zn2+, Pb2+ or Cd2+.47,48 Furthermore, maghemite and 
magnetite have been reported as novel adsorbent for dyes separation thank to electrostatic 
interactions. Even if bare nanoparticles have been proved to be effective in the adsorption process, 
many advantages can be achieved adopting a proper functionalization by surface coating with organic 
moieties. Amine functionalized silica coated NPs and amine functionalized NPs can be easily 
obtained by means of sol-gel reaction of (3-aminopropyl) triethoxysilane (APTES) and have 
demonstrated outstanding performances for the adsorption of many heavy metals.49,50 In these 
functionalized compounds the amino group increases the electrostatic interaction as well as it acts as 
chelating agent for metal: thus higher concentration of reactive group generally correspond to better 
performances even if a linear dependence is not always observed.51 Amino functionalized NPs 
showed good performances also for dyes removal, where the performances are pH dependent with 
adsorption effects mainly related to electrostatic interactions. Thiol functionalized silica NPs and thiol 
functionalized NPs can be synthesized considering (3-Mercaptopropyl) trimethoxysilane (MPTMS) 
in the functionalization reaction. Thiols functionalized NPs have been successfully employed for Hg2+ 
and Pb2+ removal52  even in natural water.53  
 
 
Figure 4. Scheme of magnetic extraction of an analyte from water.54 
 
As mentioned before, one of the main advantages of the use of magnetic NPs is the possibility to 
collect the particles by means of an external magnetic field. On one side, magnetic separation is more 
efficient, selective and faster than centrifugation or filtration processes.55 Furthermore, it is less 
affected by the condition of the aqueous environment such as temperature, pH and ionic 
concentration.56 On the other side, the collection can be achieved using permanent magnets thus 
without consumption of additional energy. Despite the many advantages, several problems must be 
taken into account before an extensive use of nanosized particles for adsorption of pollutants. First, 
the collection is necessarily related to a certain degree of agglomeration of the particles, which cannot 
be easily brought back to the original state. This decrease in the available surface area brings a 
decrease in the adsorption performances thus a shortening of the life of the adsorbent material. 
Another challenging problem is related to the regeneration of the particles. Even if the adsorption 
process can be relatively straightforward, desorption and adsorbent regeneration is a critical step, 
which contributes to the process costs and pollutant recovery. A successful regeneration process 
should restore the initial characteristics of the adsorbent, allowing the complete reuse of the MNPs 
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during the maximum number of cycles and thus decreasing the costs of the overall separation process. 
However, in a large number of sorption studies, available in the literature, dealing with the use of 
nanoparticles for the removal of heavy metals and dyes, desorption and reuse of the adsorbents has 
not been accurately analyzed. Particularly, the desorption of heavy metals and dyes from loaded 
adsorbents has been carried out with different solutions, being most of them selected according to the 
influence of the pH value on the adsorption process.57 
The regeneration of magnetic nanoadsorbents loaded with cationic or anionic metallic pollutants has 
been performed with aqueous solutions of acids or bases, respectively. In the case of dye removal, 
acid or basic solutions in alcohols such as ethanol or methanol have been reported as effective 
regeneration solutions.58 Although most of the regenerated materials keep their adsorption capacity, 
the concentration of the regeneration agent and the contact time during the desorption process should 
be controlled to avoid modifications of the morphological and chemical structure of the MNPs. 
 
 
1.2.2 Photocatalysis 
 
Photocatalysis is the main technology breakthrough for water treatment and purification, becoming a 
helpful tool for existing techniques in the removal of trace contaminants. For example, for the 
disinfection of swimming pools, these systems are already commercially available. A photocatalyst 
is defined as a material that is capable of absorbing light, producing electron–hole pairs that enable 
chemical transformations of the reaction participants and regenerate its electronic structure after each 
cycle of such interactions. The electron-hole pair production process gives rise to the formation of 
radicals, at the surface of the photocatalyst, able to remove, by destruction, organic pollutants 
molecules. 
The use of nanostructures based on metal oxide semiconductors such as zinc oxide (ZnO), titanium 
oxide ( titania TiO2), tungsten oxide (WO3) and zinc stannate (Zn2SnO2) can be an attractive method 
of water purification as it can remove chemical species as well as biological contaminants.59  
A good photocatalyst should efficiently absorb light preferably in the visible or near UV part of the 
electromagnetic spectrum. The underlying mechanism of heterogeneous photocatalysis is focused on 
a wide band gap semiconductor photocatalyst (see Table 1), which, upon irradiation with light with 
energy higher than the band gap energy of the material, creates electron–hole pairs.  
 
Compound ΔE (eV) 
ZnO 3.3 
TiO2 3.2 
WO3 2.8 
Zn2SnO2 3.6 
Fe2O3 3.1 
SiC 3.0 
Si 1.1 
Table 1. Bad gap values of some photocatalysts.60 
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The photogenerated electron moves up to the conduction band leaving a hole in the valence band. 
Majority of these photogenerated charge carriers undergo wasteful recombination, while escape 
recombination, and initiate redox reactions in molecules adsorbed at the surface of the photocatalyst 
and thereby degrading them. The photogenerated electrons and holes have been found to degrade 
almost all types of organic, inorganic and microbial contaminants, owing to their high redox 
potentials. 
However, in order to inhibit recombination of electron hole pairs upon light exposure, sufficient 
electron vacant states need to be present. As a lot of work has done on photocatalysis in the agriculture 
and microbiology fields, it is important that the photocatalysts should be biologically inert and non-
toxic. Nanostructured photocatalysts offer large surface to volume ratio, allowing higher adsorption 
of the target molecules. Intensive research over the past decade for its implementation in the 
purification of drinking water can be found in the literature.61,62 Efficacy of photocatalysis in the 
detoxification of a wide range of industrial and agricultural effluents is also well documented.63 
Another interesting aspect of photocatalysis is the potential utilization of sunlight, which could allow 
energy-efficient treatment in remote locations. 
Heterogeneous photocatalysis by semiconductors such as titanium dioxide (TiO2) is a promising 
technology for water purification.64 It can degrade water pollutants such as benzene, various dyes, 
and complex mixtures of water contaminants in industrial and domestic wastewaters.65  In addition, 
it is able to degrade many chemical contaminants and microorganisms completely into carbon 
dioxide, water, and mineral acid.66 
When the electron in the valence band of the semiconductor, under UV light, absorbs a photon with 
energy greater than the band gap (ΔE) of the semiconductor, the electron becomes excited and jumps 
to the conduction band, leaving a positively charged hole in the valence band. Besides recombination 
with the electron, the positively charged hole can oxidize water molecules to form hyper-reactive 
hydroxyl free radicals (•OH). The resulting hydroxyl radicals are the main agent that attack the 
chemical pollutant molecules or microorganism cells to purify water. 
 
 
Figure 5. Mechanism for semiconductor photocatalysis.60 
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Unfortunately, the UV component of the natural solar light irradiation spectrum (the highest and 
cheapest illumination source) is quite small; moreover, titanium dioxide is not able to absorb the solar 
radiation in the visible region. Therefore, the scientific and technological research in this field is 
strongly involved to find new possibilities to enhance the overall efficiency. Two different strategies 
can be generically followed. 
The first approach implies the use of opportunely doped ions able to decrease the absorbed band 
gap from the UV to the visible light (around 2.7 eV): in this model some transition metals, such as 
Fe, V, and Zn, have been widely tested and adopted. The second method is related to the increase of 
the intrinsic efficiency of the material through the control of the synthesis process; in this way, it is 
possible to control and govern important parameters such surface area, dimensions, and morphology, 
all affecting the photocatalytic activity. Further innovative systems have been recently developed, as 
to support the photocatalyst on the surface of luminescent materials, allowing an excellent increase 
in the degrading power and working time. 
Furthermore, a challenging task is the efficient recovery of nanoscale TiO2 from treated water. In this 
framework, many efforts have been made to achieve greater efficiency and new composite materials 
have been developed. Indeed, magnetic Fe3O4 NPs have been considered as a suitable support due to 
its outstanding superparamagnetism, flexible surface functionalization, and easily dispersity. 
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2 Magnetism at the nanoscale 
 
In the following, the magnetic properties at the nanoscale level will be described. Dimension of the 
particles strongly affects the magnetic properties leading to a phenomenon called 
superparamagnetism.  
 
2.1  Magnetic properties of bulk materials 
 
All the elements, materials and compounds present in nature, in any physical state (solid, liquid or 
gaseous) can be distinguished in three categories: those that are totally indifferent to the action of a 
magnetic field (except for a fable negative signal), those that exhibit magnetic behavior, with a small 
positive signal, in the presence of a suitable field and those in which the magnetic behavior is also 
found in the absence of field. 
What determines the membership of a material to a group rather than to the other is the presence of 
unpaired electrons. Magnetism is generated by the motion of electric charges: in a system, the 
magnetization (small or large) observed when the system is affected by a magnetic field, is related to 
the presence of atoms with incomplete atomic shells; the magnetic moment of the unfilled shell, given 
by the sum of orbital moment and the spin magnetic moment, is different from zero. 
In this subdivision, substances belonging to the first group are defined as diamagnetic type: the 
molecules do not possess a moment of intrinsic magnetic dipole and there are no unpaired electrons.  
Diamagnetism can be regarded as originating from shielding currents induced by an applied field in 
the filled electron shells of ions. These currents are equivalent to an induced moment, opposite to the 
applied magnetic field direction, present on each of the atoms. All the materials exhibit a diamagnetic 
contribution, but when they have other magnetic properties, the effect is negligible because it is 
masked by other, much larger, effects (paramagnetism, ferromagnetism). 
Materials that present more obvious magnetic effects can be classified as: 
(a) paramagnetic, materials in which the unfilled shell of the atoms gives rise to a net magnetic 
moment per atom, with a distribution of the magnetic moments in the space producing a net 
magnetization equal to zero at every temperature. Under the action of an external magnetic field, the 
magnetic moments tend to align along the field direction, giving rise to a magnetization parallel with 
that of the field and with intensity proportional to the field itself; 
b) ferromagnetic, materials in which a driving force (Molecular Field, Stoner criterion…) tends to 
align in the same direction all the magnetic atoms within a microscopically region named magnetic 
domain. The net magnetization of a single magnetic domain is different from zero, even if the 
requirement of minimization of the Magnetostatic Energy forces, in most of the cases, a random 
distribution of the magnetization vectors of the different magnetic domains in a macroscopic system 
with a vectorial sum equal to zero. 
c) antiferromagnetic, materials in which the next neighbor magnetic moments are arranged in 
opposite directions giving to two (or more) magnetic sublattices; the moments show an antiparallel 
alignment and the resulting total magnetic moment is zero. 
d) ferrimagnetic materials in which two (or more) magnetic sublattices with opposite direction of the 
magnetic resultant are again present but a) with a different magnetic moment per atom in each 
sublattice or b) a different number of atoms in each sublattice. In both cases, the magnetization is of 
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different amplitude in the two sublattices, resulting in total non-zero magnetic moment. Magnetite 
and other ferrites are ferrimagnetic. 
 
Figure 6. Magnetic moments orientation in a paramagnetic state (a), ferromagnetic state (b), antiferromagnetic state (c) 
and ferrimagnetic state (d). 
 
When a magnetic material is placed into a magnetic field of magnitude H, the magnetic induction B 
is the result of the following relation: 
 
    	 
 
where μ0 is permeability in vacuum and M, given by the contribution of all individual atomic 
moments, is magnetization per volume unit. 
In general, magnetic materials are classified in terms of magnetic susceptibilty χ, adimensional 
parameter defined as the derivative of magnetization with respect to the magnetic field. It can be 
written as follow in the presence of low field: 

 


 
 
For diamagnetic substances, susceptibility presents small negative values, as they are characterized 
by completely empty and completely full electronic shells. The electronic structure of the 
paramagnetic materials is instead made up of unpaired electrons: an applied field can cause 
magnetization of the material but the magnetization decays to zero in short time as soon as the field 
is removed. 
Even ferromagnetic substances have unpaired electrons but the magnetic susceptibility χ is positive 
and very high. When the sample is removed from the applied magnetic field H, a residual 
magnetization Mr remains. Figure 7 is a clear representation of the main parameters and shows the 
hysteresis cycle curve, typical of a ferromagnetic material. For high magnetic field values, 
magnetization tends to a maximum value (Ms) in which all magnetic moments are aligned in the 
direction of the magnetic field. To reset the residual magnetization of a ferromagnetic material, a 
magnetic field of intensity -Hc must be applied. 
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Figure 7. Typical hysteresis cycle, plotted as Magnetization (M) versus magnetic field (H), for a ferromagnetic material.  
 
2.2 Superparamagnetism 
 
The most interesting classes are ferromagnets and ferrimagnets since the alignment of the magnetic 
moments, within the material, can bring to a permanent magnetization. These magnetic properties 
arise from a particular microstructure. Indeed, magnetic moments are not coherently aligned all over 
the material, but they subdivide it into a multidomain structure to reduce the Magnetostatic Energy.  
Within each domain, the atomic moments are aligned along certain easy directions, related to 
electronic and structural properties of the material. At the same time, the total magnetization of each 
domain varies between the domains in order to minimize the magnetostatic energy. The number of 
these domains decreases by decreasing the dimensions of the material until the diameter of a small 
particle reaches a critical value (Dc). Below this value, the most stable structure is a single domain one, 
as shown in Figure 8.  
 
Figure 8. Dependence of coercive field (Hc) on dimension of particles. Below a critical diameter (Dc), with the single 
domain formation, the coercive field decreases up to zero for small particles. 
This diameter is related to the characteristics of the material through the relation: 
  


 
where A is the stiffness constant, K1 is the uniaxial anisotropy constant, μ0 is the permeability constant 
and Ms is the saturation magnetization. Below this critical diameter, all the atomic magnetic moments 
are aligned and the particle still retains a remnant magnetization. 
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If the diameter is further decreased, the thermal energy kBT (where kB is the Boltzmann constant) 
becomes high enough to overcome the energy barrier between the two energy minima (parallel and 
anti-parallel to the easy direction). This behavior is called superparamagnetism. The critical diameter 
to obtain this state is related to the energy barrier between the two minima defined as:  
     
where K is the anisotropy energy constant, θ is the angle between the magnetization and the easy axis 
and V is the volume of the particle (Figure 9). The easy axis is defined as the energetically favorable 
direction of spontaneous magnetization. 
 
Figure 9. Energy barrier for the two minima states. 
When kBT ≫ KV the magnetic moment is able to reverse between the two preferred directions and 
the particles do not show coercive field or magnetization, behaving like a single paramagnetic atom, 
but carrying a giant moment. In fact, the difference with respect to a single atom is that the overall 
magnetic moment of the particle arises from the sum of all the atomic moments. Since these particles 
contains typically 105 atoms, the moment will be an order of magnitude higher than the one of a single 
atom: that’s why the name superparamagnetism. These oscillations between the minima are 
characterized by a typical frequency and can be described by an Arrhenius type equation (valid for 
non-interacting nanoparticles): 
  


 
where τ=2π/f (f is the oscillation frequency), KA is the anisotropy constant, V is the volume of the 
particle, kB is the Boltzmann constant and T the temperature. 
As already mentioned, the possibility to flip between the two directions is strongly related to the 
temperature. If the thermal energy is decreased, it can be found a temperature below which the 
moment of the particle results frozen in a certain direction. This temperature, called blocking 
temperature (TB), is related to the dimension of the particles and to the material through the formula:  
 
 
 

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where KA is the anisotropy constant, V is the volume of the particle, kB is the Boltzmann constant, τm 
is the measuring time of the instrument and τ0 is a constant. Measuring TB, dimensional information 
about the magnetic system can be acquired.  
The use of magnetic NPs in a superparamagnetic state is particularly appealing for different 
applications. In this case, the NPs strongly respond to an external magnetic field thanks to the 
collective behavior of the magnetic moments. At the same time, as soon as the external field is 
switched off, the NPs lose their magnetization, preventing the system from excessive agglomeration. 
This is the reason why most of the works involving magnetic NPs regard structures with diameter 
lower than Dc. 
 
 
 
2.3 Exchange coupling 
 
The advances in synthetic chemistry, leading to an extraordinary control of the growth parameters, 
has brought to the development of more advanced magnetic nanoparticles comprising two (or more) 
materials such as core/shell MNPs.67,68 Much research into magnetism at the interfaces over the past 
decades has been driven by important and useful features, often simultaneously present, that can 
combine different functionalities (e.g., catalytical, optical, magnetic or biomedical) of the diverse 
constituents bringing about novel and enhanced properties which are resulting in innovative 
applications of magnetic nanoparticles. 
The key to the successful design of magnetic structures for applications, is the ability to manipulate 
and control magnetic properties. The basic energies involved are exchange and anisotropy, where the 
former controls magnetic ordering and the latter controls the preferred orientation. 
Both parameters are phenomenological descriptions of fundamental correlations and energies 
associated with the electronic and crystalline structure of a material. A powerful technique for 
modifying and controlling magnetic characteristics is based on the use of magnetic heterostructures 
with properties governed by the interface region. 
A particularly interesting topic in core/shell magnetic nanoparticles is the study of bi-magnetic 
core/shell nanoparticles, i.e., where both the core and the shell exhibit magnetic properties 
(ferromagnetic (FM), ferrimagnetic (FiM) or antiferromagnetic (AFM)). In these systems, the 
exchange interaction between both constituents brings about an extra degree of freedom to tailor the 
overall properties of the nanoparticles.69,70 
A ferromagnet, such as iron, has a large exchange parameter but a relatively small anisotropy. This 
makes the ferromagnetic order stable at high temperatures but the orientation may not be highly 
stable, particularly if the dimensions are a few nanometres. Many antiferromagnets have large 
anisotropies and consequently very stable orientations. In heterostructures, exchange coupling 
between a ferromagnetic structure and an antiferromagnet one, in the same NP, can, in principle, 
produce a ferromagnetic behaviour with higher anisotropy. In such a structure, the anisotropy may 
behave as unidirectional feature not found in ferromagnets. This phenomenon is called exchange bias 
because the hysteresis loop associated with the ferromagnet/antiferromagnet structure can be centred 
about a non-zero magnetic field.  
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Since the discovery of the exchange bias (i.e., the loop shift in the field axis of the hysteresis 
loops71,72) in Co/CoO nanoparticles,73 FM/AFM and inverse AFM/FM core/shell nanoparticles as 
“hard/soft” and “soft /hard” NPs have been extensively studied.74–76 
In recent years substantial advancement has occurred in this field, particularly in permanent 
magnets,77,78 magnetic recording media,79 microwave absorption, ferrofluids or biomedical 
applications, where it has been shown that, for certain applications, the use of bi-magnetic core/shell 
nanoparticles can be advantageous over single magnetic nanoparticles.  
 
 
Figure 10. Schematic representation and hysteresis cycles for “hard/soft” and “soft/hard” core-shell NPs.80 
 
Many of the biomedical applications of magnetic nanoparticles are based on the high values of the 
saturation magnetization avoiding at the same time excessive agglomeration. Thus, most of these 
applications are based on the use of superparamagnetic nanoparticles.81 In these cases, there is no real 
need for hard-soft core/shell nanoparticles. However, in other applications the use of bi-magnetic 
core/shell nanoparticles can be desirable.  
Indeed, the academic research on biomedical applications is also strongly focused on hyperthermia. 
Magnetic hyperthermia, described in the previous chapter, is based on the phenomenon that occurs 
when nanoparticles are subjected to an alternating magnetic field leading to heat production. Three 
main mechanisms are involved in hyperthermia, namely Brownian relaxation, Néel relaxation and 
hysteresis loss, although for magnetically blocked nanoparticles only hysteresis loss is prevalent.82 
Hence, the Specific Loss Power (heating efficiency) (SLP) of nanoparticles depends on material, size, 
composition, frequency and intensity of the applied alternating magnetic field.22  
SLP, expressed as W/g, can be evaluated with the following equation: 
#$%  & ∙
(
)
	 
where A is the area of the hysteresis loop, & is the frequency of the measurement and ρ is the 
concentration of MNPs in the sample. 
Since heat dissipation depends on intrinsic material parameters such as Ku, the anisotropy constant, 
and MS, the saturation magnetization, the combination of two phases in a core/shell structure can be 
advantageous to enhance the response of the material to the AC field. Experimentally, it has been 
demonstrated that the combination of different magnetic soft/hard or hard/soft ferrite core/shell 
particles (e.g., MnFe2O4/CoFe2O4 or CoFe2O4/MnFe2O4) leads to enhanced SLP values compared to 
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single phase ferrite particles.83 Remarkably, inverse core/shell systems exhibit larger SLP values than 
conventional hard/soft structures.84 Moreover, further enhancement of the SLP values has been 
obtained in cubic soft/hard core/shell nanoparticles, with SLP values in excess of 10000 W/g. The 
decrease of the surface anisotropy and the size of the particles (60 nm) appear to be key factors for 
achieving SLP values higher than the one obtained for the spherical single component ferrite particles 
and higher than that of exchange-coupled spherical nanoparticles.83 
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3 Magnetic NPs for biomedical applications  
 
In this part of the thesis, the investigation of iron oxide-based nanostructures for biomedical purposes 
is reported. The work can be divided into two main parts, drug delivery and hyperthermia. 
In both projects, the experimental part has been focused on the synthesis and chemico-physical 
characterization of functionalized magnetic nanostructures.  
In the following, a first section will be devoted to describe nanoparticles designed for drug delivery 
activities; then, in the second part the synthesis and characterization of ferrite NPs with preliminary 
results as hyperthermia factors will be described. 
 
 
 
3.1 Drug delivery nanovectors 
In this section, the drug delivery work will be divided into two main parts: the first part deals with 
the conjugation between magnetite based NPs to an organic moiety formed by a tripeptide coupled to 
a fluorescent molecule and the consequent enzyme activated cleavage.  The second part is dedicated 
to a research activity, carried out in collaboration with the University and CNR of Bari (Italy), focused 
on the study of micellar and solid lipid nanovectors encapsulating SPIONs and loaded with Sorafenib, 
a drug for hepatocellular carcinoma treatment. 
 
 
3.1.1 Coupling and enzymatic cleavage of 1-Pyrenemethylamine 
 
A complex system for potential drug delivery or other biomedical applications has been studied. The 
aim of the work was to proof its potential use as magnetic drug delivery system. The nanovector 
should be directed to the tumor site, through the application of a magnetic field, where protease 
enzymes as plasmin, overexpressed on tumor cells, cleaves the “drug”. 
As reported in Figure 11 and explained hereafter, the system was based on the conjugation of a 
tripeptide linked to a fluorescent molecule, 1-pyrenemethylamine, to magnetite NPs through a linker, 
APTES.  
 
 
Figure 11. Scheme of the NPs conjugated to tripeptide-pyrene; possible applications are also shown. 
 
As the specifier peptide, on the basis of previous work by others and of our own experience, the most 
suitable choice was a tripeptide to grant selectivity by plasmin or other similar proteases. It is well 
known that plasmin is selective for lysine as the scissile aminoacid, while an unpolar aminoacid, such 
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as leucine, is preferred as second position. For the last position any aminoacid can be used, but, as 
suggested by Carl et al.,85 a D-Amino acid is preferred for the amino terminus to prevent degradation 
of the peptide specifier by other proteases. In the previous related work by Cheng and coworkers, a 
simpler dipeptide was instead employed.86  
Hence, the tripeptide is formed by three aminoacids ordered in this way: D-Valine – D-Leucine – L-
Lysine; the latter aminoacid lysine is placed in the farthest position from the nanoparticle surface and 
is linked to the fluorescent tag (see compound 7 in scheme of Figure 13). 
Furthermore, the choice of the spacer was not trivial, since both the specifier peptide and the APTES 
functionalized NPs ends with an amino group. We selected two possible ways to join these two 
amines: i) the transformation into a urea; ii) the coupling with a dicarboxylic acid. In this latter case, 
the dicarboxylic acid needs to be quite long, in order to prevent intramolecular imide formation,87 
with detachment of the specifier peptide from the nanoparticle. 
 
In order to study the best conditions and approaches for both the coupling and the enzymatic release, 
two different ways were followed (Figure 12):  
A) coupling the tripeptide-pyrene to the already APTES functionalized NPs;  
B) coupling APTES to tripeptide-pyrene before conjugating the whole molecule to the NPs. 
 
 
 
Figure 12. Approaches adopted for the conjugation. Approach A: APTES functionalization before coupling tripeptide; 
Approach B: APTES coupling to tripeptide before conjugation to NPs. 
 
The nanostructure resulting from the two procedures is the same and has been named NP-U-TP, 
indicating that the coupling is induced via a urea bridge (U) between APTES functionalized 
nanoparticles (NP) and tripeptide-pyrene (TP). 
The best approach, due to the chemical properties of APTES that cause complex problems in 
manipulation and purification treatments, was based on a first functionalization of the NPs with 
APTES and then the coupling to tripeptide-pyrene (approach A). 
Concerning the consequent enzymatic release, due to the high cost of plasmin, only tests on the 
organic substrate were performed with it. To explore the cleavage of 1-pyrenemethylamine on real 
samples containing NPs, the enzymatic release was performed with trypsin, after a careful comparison 
of the activity of the two enzymes. 
The other way of bonding TP to NPs was the coupling through a dicarboxylic acid. In our 
opinion, the best additional linker was found to be the monomethyl azelate, a nine-carbon chain acid 
(C9), which allowed to obain the sample defined as NP-C9-TP. 
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In the next paragraphs, the synthesis of the tripeptide based molecules, magnetite nanoparticles, their 
functionalization and conjugation will be described. 
3.1.1.1 Synthesis of Tripeptide-pyrene compounds 
 
In Figure 13, a scheme for the synthesis of the tripeptide-pyrene compound (7) is reported. 7 will be 
conjugated to magnetic NPs via urea bond to form NP-U-TP, as reported in Figure 9.  
Figure 13. Scheme for the synthesis of tripeptide-pyrene. D-valine is coupled to L-leucine and then to L-lysine to obtain 
5; after saponification, pyrenemethylamine is added and coupled to the tripeptide 6. A deblocking step to remove the 
Alloc group is needed to obtain the final product 7. 
 
Figure 13 reports the scheme for the synthesis of the tripeptide specifier and the coupling to the 
fluorescent amine. For our purposes, two orthogonal protections for the D-Valine and the amino 
groups are strongly required. Particularly crucial is the protection of ε-Lysine, since it was planned 
to be removed as the last step after linking to the nanoparticles. We selected the Boc protecting group 
thanks to its easy removal that releases no side-products. Moreover, we chose to perform the synthesis 
from left to right, contrary to what is typically done, to prevent use of further protecting groups as 
Fmoc that is found to be quite troublesome in the synthetic procedure. In this way, performing the 
synthesis from left to right we selected the Alloc as protection for D-Valine. 
Thus, D-Valine was smoothly protected as allyloxycarbamate under Schotten-Baumann conditions88 
and then coupled with L-leucine methyl ester hydrochloride using DCC and HOBt. The resulting 
 23 
 
dipeptide methyl ester was hydrolyzed under basic conditions and coupled with Nε-Boc-L-lysine 
methyl ester hydrochloride using DCC and HOSu affording compound 4 with excellent yield from 
the starting amino acid.  
Coupling of product 5 with 1-pyrenemethylamine was more troublesome from the stereochemical 
point of view. After testing several coupling agents and bases using benzylamine as model compound, 
we found out that the best one was HATU in combination with DIPEA. The crude coupled product 
was directly deprotected at the N-terminus without intermediate isolation. 
Even this deblocking step was problematic. Optimization was carried out on the benzyl ester of 3. 
Different solvents (THF and DCM) and scavengers (pyrrolidine, PhSiH3, thioanisole, dimedone and 
triethylammonium formate) were investigated maintaining Pd(PPh3)4 as the source of Pd(0). We 
found that the combination of a high excess of PhSiH3 and THF as solvent were the best conditions. 
The optimized conditions were then applied to the real system, affording 7 in 55% yield over 2 steps. 
The moderate yield was mainly due to the high insolubility of all pyrene containing compounds in 
most organic solvents leading to the loss of material during the workup and the purification. 
Preliminary experiments of conjugation with Fe3O4 nanoparticles functionalized with APTES showed 
that the purification of 7 was essential. In fact, the presence of the excess of PhSiH3 and the residues 
of Pd were detrimental for the conjugation reaction. 
 
In the case of insertion of the longer spacer, 7 was modified to obtain 9 coupling it with the 
monoester of azelaic (nonanedioic) acid. The presence of a carboxylic acid as terminus of the 
aminoacidic left chain allowed to employ milder conditions for conjugation of the tripeptide to the 
nanoparticles. 
 
 
Figure 14. Scheme of synthesis of azelate-tripeptide-pyrene starting from 7. 
 
After saponification of 8, the acid 9 was coupled to the functionalized nanoparticles. 
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3.1.1.2 Synthesis of APTES functionalized magnetite NPs  
 
Magnetite nanoparticles were prepared according to Massart procedure.89 Briefly, FeCl2·4H2O (2.5 
mmol) and FeCl3·6H2O (5 mmol) were dissolved in Milli-Q water at pH 2 under N2 atmosphere and 
vigorous mechanical stirring. Once the solution reached 75 °C, a proper amount of NaOH aqueous 
solution (100 ml, 2 M) was quickly added, causing the sudden appearance of a black precipitate. The 
reaction was continued for 20 min, after which the particles were washed several times with boiling 
water and magnetically collected after each wash, in order to reach neutral pH.  
APTES functionalization was achieved dispersing Fe3O4 NPs in water (40 mL, 1 g/L) and 
adding 40 mL of ethanol and 1.6 mL of 2% v/v solution of APTES. The reaction was carried out at 
50 °C for 24 h under vigorous mechanical stirring. 
The sample was magnetically washed several times using first ethanol and then Milli-Q water and 
then stored under vacuum. 
 
3.1.1.3 Conjugation to tripeptide-pyrene: synthesis of NP-U-TP 
 
The urea linked sample (NP-U-TP) was obtained with an initial transformation of the amino groups 
of APTES into isocyanate groups, as here described. 
NP@APTES (28.6 mg) were dispersed in dry DCM (2 mL) under N2 atmosphere. Et3N (19 µL, 0.135 
mmol) and triphosgene (5.4 mg, 0.018 mmol) were added at 0 °C. The mixture was stirred at RT for 
20 min; then the solvent was evaporated and the nanoparticles were dispersed in dry THF (2 mL) 
under N2 atmosphere. Then, DIPEA (15 µL, 0.086 mmol) and 7 (28.6 mg, 0.043 mmol) were added. 
The reaction occurred in oil bath at 50 °C for 18 h. The final material was magnetically washed with 
EtOH and stored under vacuum. 
In Figure 15, a scheme of the conjugation of tripeptide-pyrene to NP@APTES is reported. 
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Figure 15. Scheme of the conjugation of tripeptide-pyrene to NP@APTES through the formation of a urea bridge 
between the two compounds. 
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3.1.1.4 Conjugation to azelate-tripeptide-pyrene: synthesis of NP-C9-TP  
 
NP-C9-TP was prepared as here described: 30 mg of NP@APTES were dispersed in dry DMF (1 
ml) under N2 atmosphere. 9 (30 mg, 0.036 mmol), DIPEA (31 µL, 0.178 mmol) and HATU (14 mg, 
0.037 mmol) were added. The dispersion was mechanically stirred for 18 h at RT. The final material 
was magnetically washed with EtOH and stored under vacuum. 
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Figura 16. Scheme of the preparation of NP-C9-TP. 
 
3.1.1.5 Chemico-physical characterization 
In this section, the characterization of NP-U-TP and NP-C9-TP will be shown and discussed. 
 
Morphological and compositional analyses 
 
In Figure 17, a FE-SEM image of Fe3O4@APTES nanoparticles is presented. EDXS analysis 
confirms the presence of the expected elements in the nanostructures, namely iron, silicon, and 
oxygen. Cu and C peaks are related to the copper grids used to deposit a drop of sample.  
 
 
Figure 17. FE-SEM image of NP@APTES and related EDXS spectrum. 
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The sample is characterized by large aggregates, due to the magnetic interactions among particles, in 
which single nanoparticles with mean diameter of about 10 nm can be observed. 
 
Fluorescence analyses 
 
In Figure 18, the fluorescence spectra of molecules (7 and 9) and the related conjugated NPs, NP-U-
TP and NP-C9-TP respectively, are reported. The analyses were performed in DMSO using an 
excitation wavelength equal to 346 nm. No fluorescence signal was detected for Fe3O4@APTES 
nanoparticles (not reported). 
The fluorescence spectra of 7 and 9 are ascribed to the fluorescent spectrum of pyrene which is 
characterized by a set of four major bands with well-defined peaks at ∼375, 388, 398, and 415 nm, 
respectively. 
 
 
Figure 18. Fluorescence spectra of 7 (black line) and NP-U-TP (red line); on the right, 9 (black line) and NP-C9-TP 
(blue line). 
 
The peaks are attributed to the π → π* transitions and are cumulatively defined as monomeric 
emission. The peak at 375 nm corresponds to the first vibronic band with a 0 − 0 transition, while the 
one at 388 nm is attributed to the third vibronic band with a 0 − 2 transition.90,91  
The coupling reaction between NP@APTES and 7 or 9 caused a slightly different emission profile: 
all the peaks related to pyrene derivatives were detected but a variation of intensity occurred, 
especially for band I (378 nm) and band III (398 nm). This evidence can be ascribed to the effective 
coupling occurred on the surface of the nanoparticles, that affects the mobility of the molecules, 
forcing them in fixed configurations. 
 
ThermoGravimetric Analysis 
 
Nanoparticles based samples were investigated through thermogravimetric analysis to evaluate the 
loading of tripeptide-pyrene or azelate-tripeptide-pyrene on the surface of NP-U-TP or NP-C9-TP 
respectively.  
NP-U-TP: A loading amount of 7 equal to 5.3 % was found out. 
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Figure 19. TGA curves of NP@APTES (black line) and NP-U-TP (red line). 
 
NP-C9-TP: The loading amount of 9 was equal to 15.5%. 
 
Figure 20. TGA curves of NP@APTES (black line) and NP-C9-TP (red line). 
 
Through the comparison with the TGA analysis performed on NP@APTES, which provided a value 
of 9.5% of silane attached on the surface of magnetite NPs, it was possible to calculate the loading 
results of NP-U-TP and NP-C9-TP. 
It is evident that there is a relevant difference between the two loadings, suggesting that the milder 
coupling conditions used for NP-C9-TP brought to a more efficient loading, improving the amount 
of 1-pyrenemethylamine anchored to the NPs.  
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InfraRed analyses 
 
IR analyses are a qualitative tool to confirm the conjugation of tripeptide-pyrene to APTES 
functionalized nanoparticles. Fingerprint signals deriving from tripeptide-pyrene are detectable in the 
spectrum of NP-U-TP (green curve).  
In particular, carbonyl and amide bands at about 1500-1600 cm-1 are the most intense signals. 
 
Figure 21. FT-IR spectra of the samples concerning NP-U-TP. 
 
 
Figure 22. FT-IR spectra of NP-C9-TP (black curve) and the azelate-tripeptide-pyrene (red curve). 
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As occurred for NP-U-TP, even for NP-C9-TP, the signals related to carbonyl and amide groups 
deriving from the aminoacids sequence and azelate linker are the most easily detectable around 1500 
and 1600 cm-1. 
 
Magnetic measurements 
 
Magnetic properties of NP-C9-TP were investigated by measuring the hysteresis cycles at 300 K 
before and after the enzymatic cleavage (NP-C9-T + P): saturation magnetization values of about 60 
A m2 Kg-1 were observed for all the samples, confirming that the material was not degraded in the 
synthetic procedures and in the enzymatic cleavage.   
 
Figure 23. Hysteresis cycles recorded at 300 K for NP@APTES, NP-C9-TP and NP-C9-T + P. The inset represents an 
enlargement of saturation magnetization of the three samples. 
 
3.1.1.6 Enzymatic cleavage 
 
Compound 7 was deblocked at the ε-Lysine aminogroup to furnish diamine 10, which was used as 
model for the enzymatic reaction and for assessing analytical detection of the released fluorescent 
amine. The enzymatic assay was tested with both Plasmin and Trypsin, following the kinetics of the 
hydrolysis by HPLC-FLD.  
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The Boc deprotection followed the procedure hereafter described. A solution of 7 (13 mg, 0.0198 
mmol) in dry DCM/TFA 20:1 (2.0 mL, 0.01 M) was stirred at RT for 2 h. After removal of the volatile 
components, the residue was taken up with n-heptane (× 3) and the solvent was evaporated again to 
give 10 as an off-white solid that was quantitatively transferred to a 10 ml graduated flask with MeOH 
obtaining a 1.98 mM stock solution of 10. 
 
3.1.1.7 Enzymatic reactions on substrate (10) 
 
TRIS buffer pH 7.5 was freshly prepared by dissolving 3.64 g of TRIS in 50 ml of deionized water 
and subsequent addition of 1N HCl until pH 7.5 (measured by pH-meter). The volume was adjusted 
to 100 ml in a volumetric flask with deionized water. 
0.3 U/ml stock solution of Plasmin from human plasma (Sigma-Aldrich P1867-150 µg) was prepared 
by dissolving 150 µg of lyophilized powder in 1 ml of TRIS buffer. 
0.1 mg/ml and 0.5 mg/ml stock solutions of Trypsin from porcine pancreas (Sigma-Aldrich T4799) 
were prepared by dissolving 5 mg of enzyme in 50 ml and 10 ml of TRIS buffer respectively. 
10 (25 µl of stock solution, 50 nmol), Plasmin (77 µl of stock solution, 0.023 U) and 730 µl of TRIS 
buffer were added in a 2 ml Eppendorf. 
10 (25 µl of stock solution, 50 nmol), Trypsin (46 µl of stock solution, 1:6 w/w enzyme:substrate) 
and 760 µl of TRIS buffer were added in a 2 ml Eppendorf. 
Each enzymatic reaction was carried out at 37 °C in Thermomixer (650 rpm) and was monitored after 
24 h, 48 h and 72 h by HPLC-FLD. 
 
 
TRYPSIN PLASMIN 
Area (%) Area (%) 
Substrate Product Substrate Product 
24 h 3.3 96.7 11.1 88.8 
48 h 3.5 96.5 6.2 93.8 
72 h 1 99 4 96 
 
Table 2. Area % of enzymatic cleavage promoted by Trypsin and Plasmin in 24h, 48h and 72 h. 
In a 72 hours time span, around 100 % of enzymatic release, measured with respect to area percentage, 
was achieved both with Plasmin and Trypsin. In Figure 24, chromatograms of the solutions resulting 
from the enzymatic reactions are presented.  
 
 31 
 
 
Figure 24. HPLC chromatograms of the enzymatic cleavage obtained with Trypsin (left) and Plasmin (right) after 72 h 
reaction. 
The results showed that both enzymes efficiently recognized the substrate and that after 72 h the 
conversion was almost complete. These experiments also demonstrated that Plasmin can be replaced 
by the most available Trypsin, thus allowing its use in the experiments performed on nanoparticles 
based materials.  
 
3.1.1.8 Enzymatic hydrolysis on NP-U-TP and NP-C9-TP 
 
As occurred for the enzymatic cleavage of substrate 10, the Boc cleavage is required to proceed with 
the enzyme promoted release on NPs. In a vial containing NP-U-TP (10 mg) or NP-C9-TP (20 mg) 
a solution dry DCM/TFA 20:1, 200 µL or 400 µL respectively, was added. The reaction proceeded 
for 4 h under vigorous shaking. The sample was then dried and used for the enzymatic cleavage 
without any further purification.  
In an Eppendorf containing NP-U-TP after Boc cleavage, 975 µL of 0.1 mg/mL Trypsin stock 
solution was added. The final volume was adjusted to 1 mL with TRIS buffer.  
In an Eppendorf containing NP-C9-TP after Boc cleavage, 920 µL of 0.5 mg/mL Trypsin stock 
solution was added. The final volume was adjusted to 1 mL with TRIS buffer.  
A ratio of 1:6 enzyme/substrate was maintained in both cases. The samples were kept under shaking 
in Thermomixer (650 rpm) at 37 °C for 72 h. 
The samples were then washed several times with MeOH using both magnet and centrifuge 
(Eppendorf 15000 rpm 10 minutes each) recovering the washings in a volumetric 10 ml flask.  
In this case, HPLC-FLD was not suited for following the enzymatic reaction on the nanoparticles. 
Thus, we generated a calibration curve to quantify the released 1-pyrenemethylamine through HPLC-
VWD (Variable Wavelength Detector). The sample injected in the HPLC-VWD was preconcentrate 
by a factor of 20.  
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Figure 25. Calibration curve for determination of 1-pyrenemethylamine.  
 
The determination of 1-pyrenemethylamine in the buffer after trypsin hydrolysis on NPs samples was 
performed by HPLC-VWD. By comparison with the calibration curve and from the loading 
determined by TGA, it was possible to determine the released µmols of 1-pyrenemethylamine that 
were 7.1% and 5.8% for the urea spacer and for the azelate spacer respectively.  
Thus, although the enzymatic reaction was actually possible when the specifier tripeptide is anchored 
to magnetic NPs, the rate of reaction is considerably low. Clearly, the presence of the nanoparticle 
and the length and nature of the spacer influence the enzymatic activity. Although the longer azelate 
spacer produced a higher loading of TP, the release was not so high, showing that the shorter urea 
spacer was even better from this point of view. The lipophilic nature of the longer spacer may have 
caused aggregation phenomena that have made the access to the active site more difficult.  
 
 
3.1.2 SPION/Sorafenib/Micelles  
 
Currently, Sorafenib is the only systemic therapy capable of increasing overall survival of patients 
affected by hepatocellular carcinoma. Unfortunately, its side effects, particularly its overall toxicity, 
limit the therapeutic response that can be achieved.  
In this work, SPIONs have been encapsulated into PEG modified micelles loaded with Sorafenib and 
the cytotoxicity was evaluated on human liver cancer cell lines (HepG2) using the MTT assay. 
Furthermore, magnetic accumulation experiments in a dynamic flow circuit were carried out to 
simulate a blood circulation for future in vivo applications. 
The preparation of SPIONs/Sorafenib/micelles and the in vitro tests were carried out in the 
laboratories of CNR and University of Bari, while the magnetic characterization and the flow 
circulation simulation were carried out in the laboratories of the University of Genoa. 
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Figure 26. Fabrication route of PEG-modified phospholipid micelles loaded with sorafenib and SPIONs and their 
possible application for magnetic targeting to liver tumors. 
 
Nanoformulations based on polyethylene glycol modified phospholipid micelles, loaded with both 
SPIONs and Sorafenib, were successfully prepared and thoroughly investigated by complementary 
techniques. 
Four different samples were synthesized and magnetic measurements, performed in a DC-SQUID 
magnetometer (MPMS Quantum Design) allowed to evaluate the content of SPIONs inside micelles. 
The starting weight percentages used in the synthesis were: 16 % (sample a), 20 % (sample b), 24 % 
(sample c) and 28% (sample d). 
 
Figure 27. (A) RT Hysteresis cycles of PEG-micelles loaded with different SPIONs content. (B) Real SPIONs weight 
percentage in the four different PEG-micelles samples calculated from RT saturation magnetization (Ms) values.  
 
 
Hysteresis cycles performed at room temperature confirmed the superparamagnetic nature of the 
nanoparticles. Furthermore, through the comparison with the measurement on bare SPIONs, it was 
possible to evaluate the content of magnetic nanoparticles embedded into micelles, as reported in 
Figure 27. 
In fact, the real SPIONs content was calculated to be 21 % (sample a), 26 % (sample b), 28 % (sample 
c) and 30 % (sample d). 
A key issue in magnetic delivery is whether SPIONs can be effectively confined to target regions of 
the body against blood flow which tends to transport them away. Therefore, the behavior of the 
SPIONs/micelles was investigated by using an in vitro system simulating the blood flow rates in the 
liver. In particular, a dynamic circuit used to simulate the blood flow in the liver of human body and 
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composed of an accumulation vessel (1), a peristaltic pump (2), a digital fluxmeter (3), a homemade 
differential pressure sensor (4-6), the magnetic accumulation system (5) and a sampling holder (7) 
was appositely designed and realized (Figure 28).  
Figure 28. Dynamic flow circuit (A) with (1) accumulation vessel, (2) peristaltic pump, (3) digital flowmeter, (4) and 
(6) in-house built differential pressure sensors, (5) magnetic accumulation system and (7) sampling holder; magnetic 
flux generated inside the capture station (B) and capillary vessel for accumulation (C). 
 
This circuit was constructed using glass capillary tube with an inner diameter of 4 mm and an outer 
diameter of 6 mm, a mini peristaltic pump (VELP Scientific SP311) able to produce flow rates in the 
5–125 mL/min flux range, a digital fluxmeter (Omega FLR1000 series) to accurately measure the 
flow rate, and a differential pressure sensor built in-house to monitor the pressure drop at the end of 
the accumulation vessel. A configuration of four NdFeB ring permanent magnets (Magnetic Flux B 
= 1.27 Tesla), with inner diameter of 4 mm and outer diameter of 20 mm, separated by non-magnetic 
polymeric rings, was used to produce the magnetic field. Capture of micelles by the permanent 
magnet configuration was studied by monitoring the variation in Fe (SPIONs) content in the fluid as 
a function of time. For this purpose, during each 8-hour experiment, fluid samples were sequentially 
collected at fixed times and analysed by Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP-AES). 
 
In an accumulation system like this one, a magnetic nanoparticle, in a dynamic fluid with a fixed flow 
rate, under a static magnetic field is affected by an attractive magnetic force defined as 
 
+  ,- ∙ 
,- ∙ .	 ∙ /0012. 
 
where VNP is the volume of the NP, χNP is the magnetic susceptibility (correlated with the 
magnetization) of the NP, H(x) is the magnetic field at x distance from the magnet and (∂H/∂z)x is 
the gradient of the magnetic field in the flow direction. From this point of view, it is evident that for 
a large magnetic force acting on a NP, a great value of the product H(x)∙(∂H/∂z)x is required. Since 
the flow is perpendicular to the magnetic force, the flow rate will interfere with the attractive force 
of the magnet, i. e. higher flow rates will correspond to reduced number of magnetic nanocarriers 
captured by the magnetic field.   
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Figure 29. Percent capture of SPION/Micelles in the capillary flow model (A) and in an organic tissue simulation (B). 
Picture of glass capillary filled with glass spheres (C) and of glass empty capillary (D) along with their corresponding 
schematic sketch after circulation of the solution containing SPION/Micelles and removal of the NdFeB ring magnets. 
 
Therefore, a magnetic configuration formed by four NdFeB ring permanent magnets with inner 
diameter of 4 mm and outer diameter of 20 mm separated by non-magnetic polymeric rings was 
adopted. This configuration allows to increase the number of capture zones inside the capillary glass 
inserted in the rings, i.e. the number of zones where the H(x)∙(∂H/∂z)x   product is maximum. 
The SPION/Micelles were dispersed in physiological solution at pH 7.4 to a concentration of 80 
mg/L. To test the speed capture of the adopted configuration of NdFeB ring magnets, two different 
flow rates, namely 100 and 50 mL/min, were used for the circulation of the solution in the capillary 
flow model. After a time span of eight hours, about 28% of magnetic micelles capture was observed 
for the 50 mL/min flow rate by means of ICP-AES analyses (Figure 29B). This value slightly 
decreases to 23% at the higher flow rate of 100 mL/min, as expected (not reported here). The 
employed in vitro model clearly only mimics the most basic features of blood vessels since there are 
numerous additional factors that could influence magnetic targeting, such as the mechanical and 
surface properties of the blood vessel wall. Therefore, since the in vivo flow of micelles in liver should 
be surely affected by many obstacles in the form of cells and extracellular matrix components, a 
secondary, larger, glass tube (8 mm inner diameter) completely filled with glass spheres with 
diameters ranging from 0.8 up to 1 mm (void fraction around 0.5) was used to simulate an organic 
tissue (Figure 29C). A flow rate of 50 mL/min, the best one for our dynamic configuration in these 
conditions, and a similar configuration of four NdFeB ring permanent magnets was used for the 
micelles dynamic circulation. In this case (Figure 29A), after eight hours accumulation time span, a 
percent capture of 32 % has been detected from the ICP-AES analyses. The recorded increase of 
percent capture can reasonably be related to the increased friction of the PEG-micelles with the 
surface of the obstacles (glass spheres) that affects the flow rate inside the accumulation vessel and 
promote the magnetic capture. These experiments highlighted the effect of the flow rate on the 
amount of micelles blocked by the permanent magnets configuration and the increase of percent 
capture of micelles loaded with SPIONs in a more dense system due to physical adsorption inside in 
a more realistic “simulated” organic tissue. 
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3.1.3 Solid Lipid Nanoparticles (SLNs) 
Another type of drug delivery system has been designed. Solid lipid nanoparticles embedded with 
SPIONs and Sorafenib were similarly prepared to nanoformulations of micelles as reported in Figure 
30. This approach benefits from the hydrophobic nature of the nanoparticle surface, characterized by 
almost spherical morphology and a diameter of 8.8 ± 1.5 nm, and at the same time overcomes the 
very low solubility of the drug in water. 
 
 
Figura 30. SLNs preparation scheme. 
 
Room temperature SQUID measurements (Figure 31) allowed to evaluate saturation magnetization 
and calculate SPIONs amount embedded inside SLNs.  
The name of the samples represents the amount of nanoparticles suspension added to the solution 
during the synthesis of solid lipid nanoaperticles, i.e. SLN160 means 160 µL of SPIONs. 
Figure 31. RT hysteresis cycles of SLNs samples with different amount of SPIONs. Inset: SPIONs hysteresis cycle. 
 
As studied for micelles, accumulation tests of SLNs through a circuit and an external magnetic field 
simulating blood circulation under in vivo therapy conditions (mouse liver), were performed. 
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Once the best conditions have been achieved, the SLNs accumulation tests were performed. SLNs 
solution, approximately 100 mg /L in water mQ, circulated in the circuit for a total time of 8 hours, 
reducing to 4 hours for the next experiments. At fixed intervals, closer to the first 2 hours, samplings 
(about 3 ml) were analyzed by ICP-AES.  
 
Figure 32. Pictures of the circuit and detail of the capture station (highlighted magnets). 
 
The flux was adjusted at about 3 ml/min to approximate blood pressure in mouse liver. Furthermore, 
a different and smaller capture station, from the one used in micelles accumulation experiments, was 
employed (to mimic the mouse liver volume). Moreover, two types of magnets (maximum volume 
2x3x3 mm3) have been tested: a) two NdFeB cylindrical magnets (B ≈ 1.3 T) and b) one SmCo 
parallelepiped magnet (B ≈ 1.1 T), both located along the flow direction as shown in Figure 28.  
In the case of NdFeB magnets, maximum SLNs accumulation reached 17 % in about 1.30 h from the 
beginning of the experiment (Figure 29); in the second case, results from ICP-AES analysis provided 
no magnetic capture of SLNs. 
This result could be ascribed to the different type of magnet used: in the first case, NdFeB magnets 
are characterized by a higher magnetic flux (B) than SmCo magnet, that is not able to capture and 
accumulate SLNs with respect to the circuit flow. 
 
 
Figure 33. Percent capture of SLNs versus time for accumulation with NdFeB magnets. 
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3.2 Core-shell and multi-shell ferrite nanoparticles for hyperthermia studies 
 
The last investigated biomedical application concerns magnetic hyperthermia. During the 
research activity spent at Norwegian University of Science and Technology (NTNU) in Trondheim 
(Norway), I worked on the preparation of magnetic ferrite nanoparticles. The final task of this project 
was the synthesis of core-shell and multi-shell ferrite NPs with enhanced magnetic properties.  
Once extensively characterized, the heating efficiency (SLP) of few samples has been evaluated in 
hyperthermia preliminary laboratory tests carried out by a research group working at the University 
of Milan (Prof. A. Lascialfari). 
 
Ferrite nanoparticles, generally indicated as MFe2O4, where M is a bivalent cation as 
Manganese, Iron, Cobalt, Nickel, etc., have been extensively studied during last decades for their 
good magnetic properties and their easy syntheses through numerous procedures. 
The work was mainly focused on the synthesis of Cobalt and Nickel ferrite NPs and their growth into 
core-shell (CS) or multi-shell layers of hard (Co) and soft (Ni) structures. 
Moreover, two types of configuration have been prepared: a “conventional” structure in which the 
hard core (CoFe2O4) is coated with a soft shell (NiFe2O4) and an “inverse” structure in which the soft 
core (NiFe2O4 or Fe3O4) is coated with a hard shell (CoFe2O4). 
 
 
Figure 34. Scheme for the two configurations: conventional (A) and inverse (B). 
 
3.2.1 Conventional and inverse core-shell ferrite NPs  
 
3.2.1.1 Synthesis 
 
Two steps synthesis is required to obtain core-shell NPs: from the first synthesis, the core NPs 
are formed, then they undergo a second process to grow the shell on them. 
Both methods followed a high temperature decomposition of the precursors salts in presence of 
surfactants to prevent excessive agglomeration between the nanoparticles.  
A scheme for the synthesis of the core NPs (CoFe2O4) is hereafter reported. 
          
 
Figure 35. Scheme of the synthesis of CoFe2O4 NPs. 
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The synthesis for CoFe2O4 NPs is here described. In a typical procedure, Co(acac)2 and Fe(acac)3 in 
molar ratio 1:2 are placed in a two-neck round bottom flask (100 ml) with 20 ml BE. To this solution, 
6 mmol of OA, 6 mmol of OLA and 10 mmol of HDD are added. The solution is mixed under 
Nitrogen flux and undergoes a heating process with a first step at 200 °C (heating rate 5 °C/min) kept 
for 2h and a second step up to 300 °C (heating rate 5 °C/min) kept for 1h.92 After cooling down to 
room temperature, the sample is purified from excess reactants with numerous washings in ethanol 
in centrifuge at 4000 rpm for 10 minutes each. 
Once the core is formed and purified, another synthetic step is required to obtain the shell. In a 
typical procedure, around 20 mg of core NPs are placed in a two-neck round bottom flask (100 ml) 
with 5 ml of BE to create a homogeneous dispersion. Then, depending on the case of conventional or 
inverse core-shell NPs, a suitable amount (0.33 mmol) of Ni(acac)2 or Co(acac)2, respectively, is 
added. In both cases the correct amount of Fe(acac)3, 0.67 mmol, is also added. Finally, 15 ml of BE 
and 1.2 ml of OA are added and left to mix. 
After a vacuum cycle to eliminate oxygen from the reaction flask, the reaction proceeds under Argon 
for 30 minutes at 290 °C (heating rate 5 °C/min). After cooling down to room temperature, the sample 
is magnetically washed overnight in toluene and isopropanol (1:10 V/V approximately). 
 
3.2.1.2 Characterization of conventional CS NPs 
 
The conventional CS1 system is based on a CoFe2O4 core (SEEDS1) and a NiFe2O4 shell. In figure 
36, STEM images of the core and the CS NPs are reported. 
 
Figure 36. STEM images of core (a) and CS NPs (b). Size distributions of the systems are also reported (c). 
The spherical morphology of the core became more irregular after the growth of the ferrite shell on 
its surface. Obviously, also the dimensions of the NPs changed, varying from 6.2 ± 1.9 nm for the 
core to 11.2 ± 2.3 nm for the CS1, indicating a shell thickness of about 2.5 nm. 
Statistic distributions were obtained elaborating STEM images with ImageJ software on more than 
100 particles. 
The NPs have been extensively characterized by different techniques in order to evaluate the core-
shell nature of the system. 
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XRD analysis 
 
Figure 37. XRD patterns for experimental samples, core and CS; CoFe2O4 and NiFe2O4 reference patterns from 
Pearson’s Crystal Data are shown as red and blue lines respectively. 
 
XRD analyses confirmed the spinel crystalline structure for both core NPs and core-shell NPs, but 
didn’t allow to completely evaluate the core-shell nature of the NPs due to the quite identical XRD 
diffractograms of the two components. 
 
Magnetic measurements  
 
In Figure 38, the hysteresis loops recorded at 5K of the core and core-shell nanoparticles (CS1) are 
reported. A comparable value of the saturation magnetization, a slightly different value of remanence 
while a relative high difference in the value of coercive field can be observed (see Table 3.2).  
The shape of hysteresis cycle of the CS1 NPs suggests a strong coupling between the hard core and 
the soft shell. Moreover, also the decrease of the coercive field in the core-shell system confirms this 
hypothesis. 
 
Figure 38. Hysteresis cycles recorded at 5 K for seeds1 and CS1. 
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Table 3. 5K magnetic parameters of the core and core-shell nanoparticles. 
 
In Figure 39, the ZFC-FC curves performed at μ0H =2.5 x 10-3 T for both core and core-shell samples 
are presented. In CoFe2O4 NPs, a broad maximum in the ZFC curve around 250 K is observed, while 
no maximum in the ZFC curve of CS NPs is detected up to 300 K. 
 
        
Figure 39. ZFC-FC curves, performed at 25 Oe, for seeds1 (black line) and CS1 (red line). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Magnetic parameters Core CS1 
M@25Oe [A m2 Kg-1] 67 ± 6.7 63 ± 6.3 
Remanence [A m2 Kg-1] 46 ± 4.6 50 ± 5 
μ0·Hc [T] 1.3 ± 0.1 0.8 ± 0.08 
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3.2.1.3  Characterization of Inverse CS 
 
The inverse system was composed by a NiFe2O4 core and a CoFe2O4 shell. In figure 40, STEM images 
of the core (SEEDS2) and the core-shell (CS2) are reported. 
As occurred in the conventional system, the inverse CS NPs present an increment in dimensions from 
7.9 ± 3.1 nm to 12.1 ± 2.3 nm. The growth of the shell brings to a rough and irregular surface. 
 
 
Figure 40. STEM images of core (d) and CS (e). Size distributions of the systems are also reported (f). 
Further analyses have been carried out to prove core-shell nature. In particular, EDS profile is able to 
recognize the elements (Ni, Co and Fe) and allows a first evaluation of the distribution of the elements 
in the NPs, as reported in Figure 41. 
 
Figure 41. TEM images of the CS NPs and related EDS spectrum. 
 
It can be noted that there is not a clear confirmation of the core-shell structure; indeed, only Iron is 
easily detectable as external element of the NPs. 
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Magnetic measurements  
 
SEEDS2 NPs hysteresis cycle, performed at 5 K, has the fingerprint of a very soft material with a 
relatively high saturation magnetization and very low coercive field (black curve). The growth of a 
shell of Cobalt ferrite on the surface of core has the effect to increase the hard properties of the 
material due to the high difference in the first order magnetocrystalline bulk anisotropy constants 
between NiFe2O4 (Ku ∼ 4 x 104 erg/cm3) and CoFe2O4 phase (Ku ∼ 4 × 106 erg/cm3)93.  
 
 
Figure 42. Hysteresis cycles measured at 5 K of Core and CS NPs in the inverse configuration. 
 
The ZFC-FC curves, performed at μ0H =2.5 x 10-3 T, (Figure 43) indicate, for Nickel ferrite NPs, a 
low blocking temperature with narrow size distribution. In fact, the difference between the blocking 
temperature and Tirr, i.e. the temperature at which the irreversibility between the ZFC and FC curves 
begins, is very small. 
The growth of the cobalt ferrite shell has the effect to strongly increase the value of Tmax. 
It is known that blocking temperature Tb can be obtained  using different methods: a first rough 
evaluation is from the maximum of the ZFC curve while a second more correct approach is a 
mathematical analysis using a model suggested by Golubenko et al 94. The results of both estimates 
are reported for SEEDS2 and CS2 in table 4. 
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Figure 43. ZFC-FC curves for core (black line) and CS2 (red line). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4. Magnetic parameters and characteristic temperatures of the core and core-shell nanoparticles. 
The magnetic data are taken at 5 K. 
 
 
 
 
 
 
 
Magnetic parameters SEEDS2 CS2 
Ms [A⸱m2/kg] 54.6 ± 5.5 67 ± 6.7 
Remanence [A⸱m2/kg] 13.9 ± 1.4 37.6 ± 3.8 
μ0·Hc [T] 0.02 ± 0.002 0.31 ± 0.03 
Tb (from ZFC max) [K] 57 ± 5.7 261 ± 26 
Tb from Golubenko model94 [K] 51.4 ± 5.1 265 ± 26 
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3.2.2 Multi-shell Nanoparticles  
 
As the core-shell nanostructures, multi-shell NPs have been investigated. The preparation followed 
the procedures already described for core-shell NPs (Par. 3.2.1.1.); the core is obtained through a two 
heating steps (2h at 200 °C + 1h 300 °C) while the shells are formed through one step (30 min. at 290 
°C). 
 
3.2.2.1 Conventional multi-shell NPs 
 
Conventional multi-shell NPs are based on a CoFe2O4 core coated with three layers of NiFe2O4. The 
growth of the shells brings to an increase in dimensions (see Table 5) and to a more irregular shape 
than the spherical core NPs. 
 
Figure 44. STEM images of core (a), one shell (b), two shells (c) and three shells (d). 
 
 
 
 
 
 
Table 5. Dimensions of the NPs from core to multi-shell. 
 
Sample Size (nm) Shell thickness (nm) 
CORE 8.6 ± 2.1 0 
1° shell 10.0 ± 1.8 0.7 
2° shell 15.1 ± 2.4 3.25 
3° shell 19.0 ± 1.9 5.25 
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It is noteworthy that the increase is adjusted to an average value of 4 nm for 2° and 3° shells, as 
happened for CS NPs, but in this case the formation of the first shell brings to a maximum increase 
of 1.4 nm (0.7 nm shell thickness).  
The difference in the shell thickness between the first and the following ones can be related to a 
different kinetics of deposition of the NiFe2O4 phase. Even if the time of reaction is the same for all 
the shells, it is possible that the first deposition of NiFe2O4 on the core CoFe2O4 presents a slower 
growth, achieving only a 0.7 nm thickness with respect to about 2 nm of the other shells. 
Figure 45. Atomic percentages obtained from EDS analysis. 
 
 
 
 
 
 
 
Table 6. Atomic percentages obtained from EDS analysis. 
EDS results show that on the increasing number of shells, as expected, Iron and Nickel percentages 
increase due to the formation of NiFe2O4 shells, while Cobalt, present only in the core structure, 
decreases down to 5.56 at% in the three shells system. 
Figure 46. HR-TEM images of the conventional system from left: core, 1° shell, 2° shell and 3° shell NPs. 
 
Sample % Iron % Cobalt % Nickel 
CORE 54.68 45.32 0 
1 ° shell 70.78 18.83 10.39 
2° shell 72.13 8.62 19.25 
3° shell 72.36 5.56 22.07 
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HR-TEM analyses allows to visualize the shells grown onto the surface of the NPs. In particular, it 
can be noted that the coating is not uniform but irregular for every deposition step and all over the 
surface.    
Figure 47. EDXS maps of the 3° shell sample. 
EDXS maps of the multi-shell NPs allows to detect the distribution of the elements, namely Co, Iron 
and Nickel, in the nanoparticles. 
In particular, for the 3° shell sample, it can be observed that Cobalt, that should be present only in the 
core, spread out into the shells, maybe due to the repeated cycles of high temperature synthesis; Iron 
is detected all over the NPs as base element of ferrites; Nickel, base element of the shells, is detected 
only in the external part of the NPs and can be visualized as green empty circles (Figure 47).   
This analysis is fundamental to prove the multi-shell structure arising from the distribution of the 
elements in the NPs. 
 
Thermogravimetric analysis 
 
Thermogravimetric behavior, performed using He as carrier gas, is reported in Figure 48. All the 
decomposition processes observed are completely ascribed to absorbed molecules on the surface of 
the NPs.  
The measurements suggest that a relevant difference in weight loss occurs in the samples from the 
core to the 3° shell NPs.  In fact, the maximum weight loss up to 35 % is detectable for the core NPs 
(black curve), considering 800 °C as the last decomposition temperature for all the samples. On the 
increasing number of formed shells, the weight losses decrease, down to 15 % for the 3° shell NPs 
(blue curve). As observed from HR-TEM images (Figure 46), TGA curves give evidence of the 
increasing size and thus of the decreasing surface/volume ratio from core to three-shell NPs, 
indicating a significant less amount of surfactants adsorbed onto the surface of NPs. 
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Figure 48. TGA analyses on conventional multi-shell NPs. 
 
Magnetic measurements  
 
Hysteresis cycles were performed at 5 K in the -5 T/+5 T µ0H range. 
 
Figure 49. Hysteresis cycles recorded at 5 K for the conventional multi-shell system. 
 
It is worth to note the remarkably large coercivity of 1° shell sample (red curve). As occurred for 
conventional core-shell NPs, soft NiFe2O4 shell should bring to a decrease in the coercivity of the 
material; surprisingly, in this case, a higher value of coercivity for the first shell is observed. From 
STEM size distribution evaluation, the shell thickness for the 1° shell is equal to 0.7 nm. As reported 
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by Moon et al.,78 this phenomenon is related to the effect of exchange coupling which is particularly 
intense for very thin shells. 
 
Magnetic parameters Core 1° shell 2° shell 3° shell 
Ms [A⸱m2/kg] 78.7 ± 7.9 69.1 ± 6.9 68.6 ± 6.8 64.1 ± 6.4 
Mr [A⸱m2/kg] 52.1 ± 5.2 40.4 ± 4.1 43.3 ± 4.2 43.6 ± 4.3 
µ0Hc [T] 1.2 ± 0.1 1.4 ± 0.1 0.8 ± 0.08 0.4 ± 0.04 
Table 7. Magnetization and coercivity values. 
The temperature dependence of the zero-field cooled (ZFC) and field cooled (FC) magnetization 
curves present an irreversible behaviour up to the highest measured temperature for all the samples 
(not reported). 
 
3.2.2.2 Inverse multi-shell NPs 
 
Inverse multi-shell NPs present a NiFe2O4 core and two CoFe2O4 shells. HR-TEM and STEM images 
show the morphology and size of inverse multi-shell system. 
As observed for core-shell and conventional multi-shell structures, the growth of the shells is irregular 
on the surface of the NPs. Dimensions and shell thickness are very similar to conventional multi-shell 
NPs. 
 
 
Figure 50. TEM images of core, 1° shell and 2° shell NPs. 
 
 
 
 
 
 
 
Table 8. Size of inverse multi-shell samples. 
 
 
 
 Size (nm) 
Core 7.9 ± 3.1 
1 ° shell 12.1 ± 2.3 
2° shell 17 ± 6.3 
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Magnetic measurements 
 
Hysteresis cycles, presented in Figure 51, give evidence of the growth of one and two layers of hard 
phase (CoFe2O4) on the surface of soft core NiFe2O4 (black curve), 1° shell (red curve) and 2° shell 
(blue curve). 
 
 
Figure 51. Hysteresis cycles recorded at 5 K for inverse multi-shell system. 
 
In Table 9, magnetization and coercivity values are reported. 
 
Magnetic parameters Core 1° shell 2° shell 
Ms [A⸱m2/kg] 55 ± 5.5 67 ± 6.7 76.9 ± 7.8 
Mr [A⸱m2/kg] 14 ± 1.4 38 ± 3.8 64.6 ± 6.5  
µ0Hc [T] 0.02 ± 0.002 0.3 ± 0.03 1.3 ± 0.1 
Table 9. Magnetization and coercivity values. 
 
3.2.2.3 Preliminary hyperthermia results 
 
Few ferrite samples, described in current section, have been investigated in hyperthermia experiments 
to evaluate their heating power (SLP). 
Set Parameters for each measurement, made in triplicate, were 110 kHz and 20.3 mT. Samples present 
an average increase of temperature of 5 °C in 5 minutes. However, some dispersions were not stable 
during the test and so SLP values are affected by the deposition of nanoparticles in the vial.  
Only three samples are stable, marked with an arrow in Figure 48, and the maximum SLP, 7°C in 5 
minutes, is generated by sample E, i.e. conventional multi-shell NPs with two NiFe2O4 shells. 
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Figure 52. Sample A: inverse core-shell; Sample B: inverse multi-shell; Sample C: core CoFe2O4; sample D: 1° shell 
conventional multi-shell; sample E: 2° shell; sample F: 3° shell conventional multi-shell. 
 
The plot in Figure 52 shows that synthesized core-shell and multi-shell samples present moderate 
SLP values, reaching almost 50 W/g in the most stable nanoparticles (sample E).  
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4 Environmental Applications 
 
Due to high surface area-to-volume ratio, high and fast extraction capacity and high specific affinity 
for heavy metal ions adsorption, magnetic nanoparticles have great potential to provide toxic metal 
capture from aqueous systems.95 Adsorption procedure combined with magnetic separation makes 
magnetite a potential candidate, so that the magnetic system and the captured metals can be easily 
and simply separated, from the aqueous phase, by the application of an external magnetic field. 
Magnetic nanoparticles as the solid phase adsorbent also possess the surface modification ability due 
to the presence of hydroxyl groups on the iron oxide nanoparticles surface which provides a versatile 
synthetic handle allowing the attachment of different functionalities. Whenever certain functional 
ligands are bounded with these magnetic nanoparticles, these ligands could enhance their capacity 
and affinity for targeting metals. Recent research has indicated that functionalized magnetic 
nanoparticles have become widely common, because of the possibility of them to be applied as 
adsorbents for the removal of heavy metals from contaminated water. 
 
4.1 Static and dynamic removal of Pb (II) ions from waters 
 
Among functional groups, thiol functionalized magnetite was observed to be the most efficient one 
which forms a strong complex with toxic metals as Pb(II) and Hg(II) species. Couple of investigations 
have been carried out utilizing thiol-functionalized functionalized adsorbents.95,96 
 
4.1.1 Synthesis of thiol functionalized Fe3O4 NPs 
Magnetite nanoparticles were synthesized through a coprecipitation method of stoichiometric 
amounts of Iron (II) and Iron (III) from an aqueous solution under basic conditions, as described in 
Par. 3.1.1.2..89 
The magnetite NPs functionalization is here described: to a volume of 100 ml of ethanol, a proper 
volume of magnetite NPs dispersed in aqueous medium (final concentration 0.5 g/l) was added. Then 
800 μl of ammonia aqueous solution and 1 ml of MPTMS was added; the reaction proceeded for 24 
hours at 50 °C under vigorous mechanical stirring.  
The sample was then magnetically washed several times with ethanol and mQ water to reach the final 
product, i.e. Fe3O4@MPTMS, and stored in an aqueous medium.  
 
4.1.2 Morphological, chemical and thermogravimetric characterization 
The NPs have been characterized by FE-SEM microscopy, FT-IR spectroscopy and 
ThermoGravimetricAnalyses (TGA). 
The morphology of the magnetite nanoparticles after the functionalization was detected by Field 
Emission Scanning Electron Microscope. In Figure 49, a typical FE-SEM image of the magnetite NPs 
coated by the thiol derivative MPTMS, together with the EDX analysis, is presented. Even if single 
particles have relatively small size (20 nm), large agglomerates can be detected all over the sample.  
EDX spectrum confirms, through the detection of the characteristic peaks of Sulphur and Silicon, the 
presence of the organosilane molecule as well as the presence of Iron and Oxygen related to 
magnetite, while Copper and Carbon are due to the support grid. 
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Figure 53. FE-SEM image of Fe3O4@MPTMS NPs (left) and the corresponding EDX spectrum (right). 
 
To further confirm the nature of the final product, the dried powders have been investigated by FT-
IR measurements. From the spectra reported in Figure 54, peaks around 3000 cm-1, related to C – H 
stretching deriving from the alkyl chain of MPTMS can be observed in the spectrum of 
Fe3O4@MPTMS.  
The broad peak in the spectrum of bare Fe3O4 NPs (blue curve) at about 3400 cm-1 is due to O – H 
stretching. On the contrary, the typical very weak peak related to functional S – H group at about 
2600 cm-1 was weakly observed only in the spectrum of the pure organosilane (enlargement of black 
curve).  
Furthermore, the functionalization causes the appearance of additional barely resolvable peaks in the 
finger print region. The strong peaks near 1100 and 800 cm-1 are due to Si – O – Si and Si – O 
stretching vibrations, respectively, and related to the condensation between hydroxide groups on 
magnetite NPs surface and the organosilane molecule.  
 
Figure 54. FT-IR spectra; enlargement of SH signal as inset.  
 
The TGA analysis, reported in Figure 55, was used to quantify the amount of organosilane molecule 
coating the NPs. From the analyses, performed on different Fe3O4@MPTMS samples, a total weight 
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loss of about 8.2% has been detected. In particular, two different weight losses were observed: the 
first, beginning at low temperature up to 200°C, is due to the release of solvent absorbed onto the 
nanoparticles surface, while the second one, starting at about 200°C up to 950°C, is due to the organic 
ligand decomposition. Data present in literature are not exhaustive and not sufficient to hypothesize 
the real degradation mechanism. The most reasonable hypothesis for the corresponding degradation 
mechanism consists in the Si – C bond breaking, with the release of the organic chain, while the silane 
part of the ligand remains attached on the particles surface.  
 
Figure 55. TGA profile of Fe3O4@MPTMS. 
 
4.1.3 Capture experiments 
 
After sonication, proper amounts of functionalized Fe3O4@MPTMS NPs were dispersed with Milli-
Q water in a 50 mL Falcon test tube to obtain samples of different concentrations, ranging from 50 
ppm to a maximum of 300 ppm of Iron.  Then a fixed volume of Pb2+ solution was added to the 
Falcon to reach the final concentration of 5 ppm. The Falcon tube was then shaken for few minutes 
and placed in the NdFeB ring magnets configuration to provide the capture from the aqueous medium 
(Figure 56).  
 
Figure 56. Static capture before and after the application of the external magnets. On the left, the magnetic gradient 
versus z distance induced by the magnets inside the Falcon tube is presented. 
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The magnetic gradient was evaluated measuring the magnetic field generated by the magnets every 
0.5 mm along the z axis inside the tube by means of a Hall probe connected with a gaussmeter 
(Lakeshore Cryotronics®). 
In a 60 minutes timespan, samplings of 2 ml every 10 minutes were extracted from the Falcon tube 
for quantitative analyses of Iron and Lead in order to determine the amount of residual NPs and Pb2+ 
ions in solution, respectively.   
The six experiments at different concentrations were performed keeping the Pb2+ concentration 
at 5 ppm, to evaluate the optimal condition to obtain the maximum uptake of Pb2+ ions from solution.  
ICP-AES was employed to analyze the solutions, measuring the residual concentration of Lead and 
Iron in solution. The resulting values were then subtracted to the initial concentrations to obtain the 
percentage of capture of Iron deriving from Fe3O4@MPTMS NPs and percentage uptake of Pb2+ 
bounded to NPs.  
The results are reported in Figure 57. Black line represents the Iron content (Fe3O4@MPTMS NPs) 
which was almost identical in each experiment; for this reason, only one curve is reported. It is worth 
noting the very fast initial capture rate of the NPs; the capture is almost complete after 10 minutes 
(more than 99%), thus confirming the high efficiency of the magnets configuration adopted. At the 
same time, the Pb2+ ions uptake is also very fast in each experiment: already after 10 minutes, it 
reaches different constant (plateau) values, which depend from the concentration of Fe3O4@MPTMS. 
The maximum Pb2+ uptake value (91%) was obtained with the highest concentration of NPs of 300 
ppm (blue curve). Based on these results, subsequent experiments have been carried out using a 
concentration of 300 ppm Fe3O4@MPTMS NPs to ensure the highest heavy metal uptake. 
 
Figure 57. Uptake of Pb(II) ions from solutions by Fe3O4@MPTMS nanoparticles. Lines tagged 50 – 300 ppm define 
the six experiments with Fe3O4@MPTMS NPs at different concentration in water solution. Black line tagged Fe in 
Fe3O4@MPTMS NPs defines the NPs capture. 
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From the data reported in Figure 57, it is evident that the adsorption process of Pb2+ ions on 
Fe3O4@MPTMS NPs is strictly related to the amount of NPs and that it is a fast process. In fact, for 
a fixed NPs concentration, the proper maximum amount of heavy ions is captured after 10 minutes 
and only a very small increase of captured Pb2+ ions are observed between 10 and 60 minutes. The 
dependence of the 10 minutes % Pb2+ capture from NPs concentration, reported in Figure 58, shows 
a logarithmic trend, giving evidence of a kinetic law with a first order dependence from NPs 
concentration.  
Figure 58. Experimental data (open symbols) of the Pb2+ % capture as a function of the NPs concentration and 
logarithmic fit (red line). 
 
 
4.1.4 Regeneration and reuse of MNPs 
 
To remove the Pb2+ ions from the NPs and reutilize them after the capture experiment, the chelating 
agent EDTA was employed. The stability constant of the Pb2+ EDTA complex19 presents a pKf value 
of 17.7, therefore the recovery of Pb2+ ions captured by the NPs, was attained using an EDTA solution 
(0.02 M) at pH 7.5-8.   
After the capture process, the collected Fe3O4@MPTMS@Pb NPs were re-dispersed in aqueous 
solution of EDTA (50 ml) to recovery Pb2+ ions. In this step, the Falcon test tube was kept under 
mechanical shaking for 1 minute, stopped for 4 minutes and followed by magnetic capture for 10 
minutes of contact between the test tube and the magnetic configuration. This protocol was repeated 
other two times to make only one sampling after 45 minutes of interaction with EDTA solution.  
The aqueous solution containing Pb2+/EDTA complex was completely removed. The collected NPs 
were dispersed again in a new Pb2+ standard solution (5 ppm) and then the procedure described in 
Par. 4.1.3. was repeated.  After this second step of uptake, fresh EDTA was introduced in the Falcon 
tube to carry out a second cycle of Pb2+ extraction with the same NPs. This procedure was repeated 
for 5 cycles globally.  
Considering that the amount of the NPs is decreased due to the samplings for the ICP-AES analyses, 
a similar experiment was repeated using the same procedure described above but adding after each 
cycle an aliquot of Fe3O4@MPTMS to restore the initial amount (results not reported). 
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The uptake data of the two set of experiments were not significantly different, indicating that the 
small volume, taken after each cycle for the ICP-AES analysis, doesn’t affect the Pb2+ uptake 
efficiency. Lead recovery was very good in both set of experiments with a mean value of 91.4 for the 
first experiment and 81.3 for the second one.    
The results of both the uptake and recovery cycles for the first experiment (without the addition of 
NPs) are shown in Table 10. 
 
Cycle Number Pb2+ uptake Pb2+ recovery 
1 85.6 89.0 
2 50.1 100.5 
3 46.2 90.9 
4 46.6 83.4 
5 34.4 93.3 
Table 10. Percentage of Pb2+ Uptake and Recovery. 
 
Regarding the reuse of Fe3O4@MPTMS NPs for different cycles it can be observed that, after the 
first cycle in which the efficiency is higher than 85 %, the uptake drops down to about 50 % for the 
next three cycles; a new important decrease occurs then during the fifth one.   
Considering that the Pb2+ recovery is constant in each cycle either restoring the initial amount of 
Fe3O4@MPTMS NPs or not, we can hypothesize that several active sites onto the NPs surface have 
been deactivated during the recovery steps with EDTA.    
 
Metal ions selectivity 
 
To evaluate the different interaction between Fe3O4@MPTMS and metal ions, a selectivity test has 
been performed. A mix of the four investigated metal ions, Pb (II), Cu (II), Cd (II) and Ag (I), was 
added to the NPs dispersion and the capture experiment was carried out in the same conditions applied 
to Pb (II) experiments. 
Figure 59. Selectivity for different metal ions. 
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From this simple test, the different affinity of metals and NPs can be observed. Indeed, 
Fe3O4@MPTMS seems to have the maximum affinity with Ag (I), then Pb (II), and a very low 
interaction with Cu (II) and Cd(II).  
 
4.1.5 Capture in a dynamic circuit 
 
A dynamic circuit was designed and built to investigate the possibility to treat higher volumes of 
polluted water. This improvement allows us to increase the volume of the treated liquid from 50 mL 
up to 1 L (with a 20:1 ratio) preventing the use of larger (and more hazardous) permanent magnets 
for a static capture. 
This circuit, where the pipe line is a glass capillary tube with inner diameter of 4 mm and outer 
diameter of 6 mm, is composed by a mini peristaltic pump (VELP Scientific SP311) operating in the 
150-500 ml/min flow rate and a digital fluxmeter (Omega FLR1000 series) to measure the correct 
flow rate. A magnetic configuration, formed by five capture stations, each one composed by four 
NdFeB ring permanent magnets (Magnetic Flux B = 1.27 Tesla) with inner diameter of 4 mm and 
outer diameter of 20 mm separated by non-magnetic polymeric rings, was adopted.  
 
 
 
Figure 60. Picture of the dynamic circuit (A), a capture station as inset (B) and the related magnetic gradient (right). 
 
The treated polluted volume was equal to 1 L with a Fe3O4@MPTMS NPs concentration of 30 ppm 
and an amount of Pb2+ ions equal to 500 μg/l. The flow rate was adjusted to 250 ml/min. 
The capture results every fifteen minutes up to one hour, are shown in Table 11. 
 
 
Time [min] % captured Iron % Pb2+ recovered by collected NPs 
0 0 0 
15 71.3 17.2 
30 67.2 14.5 
60 90.5 20.9 
Table 11. Percentage of capture for the dynamic circuit. 
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It should be pointed out that the system is able to collect more than 90% of magnetic NPs, using a 
250 ml/min flow rate, corresponding to a flux speed of 0.5 cm/s, a lower limit for rivers and streams 
flux speed.  
The reduced amount of captured Pb2+ ions, is probably due the ionic interaction between the heavy 
metal ion and the thiol group, which is relatively weak with respect to the flow rate. Since the 
interaction energy of the HS – heavy metal ion complex is very high for Silver17, we carried out a 
preliminary experiment of dynamic capture of Ag+ ions in the same experimental conditions already 
adopted for the Pb2+ ions, i.e. volume, temperature, NPs and heavy metal ion concentration, flux 
speed, time. In this case, the capture of Ag+ reached 100%. 
 
4.2 Photocatalysis 
 
In this section, research activities regarding environmental applications of nanoparticles, in particular 
their use as seeds for the preparation of efficient TiO2 photocatalyst is described. 
First, preliminary studies on magnetite nucleated TiO2 NPs will be discussed; as second topic, a more 
accurate evaluation of different nanoparticulate seeds mediated synthesis and photocatalysis 
experiments will be reported. 
 
4.2.1 Enhancement of TiO2 NPs activity by Fe3O4 seeds  
 
In this section, the results obtained for the synthesis of titanium dioxide NPs in presence of magnetite 
nanoparticles and their use as photocatalysts will be presented. Magnetic NPs have been evaluated as 
potential magnetic core for Fe3O4@TiO2 hybrid material in order to facilitate the recovery of the 
catalyst from the polluted solution by applying an external magnetic field.  
The attention was focused on the possibility of using, in the titania sol-gel synthesis route, very small 
amounts of magnetic nanoparticles, exploited as germination seeds affecting the nucleation, 
formation and morphology of the TiO2 NPs.  
Different syntheses have been carried out, varying the TiO2/Fe3O4 ratio. The photocatalytic 
performance has been tested in the framework of a standard ISO 10678:2010 protocol, i.e. the 
degradation of MB solution of known concentration. The results showed a strictly correlation between 
the amount of Fe3O4 added during the TiO2 synthetic process and the observed titania photocatalytic 
activity; moreover, also other properties, such as surface area and crystallinity, have been widely 
affected.  
Furthermore, a comparison of the photocatalytic activity of our NPs with a commercial product (TiO2 
NPs P25 from Sigma-Aldrich), demonstrated the higher activity possessed by our materials. 
Consequently, the best material was also tested for the degradation of Ofloxacin (OFL), an important 
emerging water pollutant, belonging to the class of Fluoroquinolone (FQs) antibiotics.97  
Synthesized samples had the following TiO2/Fe3O4 ratios: Sample A 500:1; Sample B 1000:1; Sample 
C 2000:1 and Sample D, where no Fe3O4 NPs were added. 
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4.2.1.1 Chemico-physical characterization 
 
In Figure 61, the X-ray diffraction patterns of samples A, B and C are reported. Samples A and B 
showed the characteristic peaks of the TiO2 tetragonal anatase structure, presented as line pattern in 
the same figure. On the contrary, sample C and D (not reported in the figure) resulted completely 
amorphous and no identifiable peaks were detected. It is noteworthy that magnetite is well below the 
detection limit of the XRD technique, due to its very low amount respect to titania. It should be 
pointed out that sample A resulted more crystalline than sample B: this fact is underlined by the 
presence, in sample A, of higher intensity peaks and by a diffraction pattern better discernable from 
the baseline, especially at 2θ > 60°.  
Figure 61. XRD patterns of Samples A (green curve), sample B (red curve) and crystallographic peaks of 
anatase phase (black line pattern). On the left, XRD pattern of amorphous sample C. 
 
 
These diffraction data are consistent with the DSC investigations, reported in Figure 62. The thermal 
behavior of all the samples is characterized by a broad endothermic peak below 100 °C, characteristic 
of the dehydration caused by a small quantity of water adsorbed. A second exothermic peak is 
observed at 215 °C for samples A and B and 240 °C for C and D, respectively.  
 
Figure 62. DSC analyses of sample A (green), sample B (red), sample C (blue) and sample D (black). In the 
inset the peaks at 215°C for samples A and B are enlarged. 
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In this step, the oxidation of the 2-propanol adsorbed on the surface occurred. The drastic difference 
in the intensity signals indicates a different amount of solvent that increased from sample A to D. 
Indeed, this result agree well with the surface area analysis from BET isotherms (Table 12), where 
the increased value of the surface to mass ratio from A to D, implies an increment of the possibility 
to adsorb the solvent. Samples A and B had no supplementary signals, demonstrating a complete 
crystallization already at 150 °C. On the contrary, sample C and D possessed a weak exothermic peak 
at 385 °C, correlated with the phase transition of the particles from amorphous to the tetragonal 
anatase structure. Consequently, the DSC investigation confirmed the data obtained from the XRD 
analysis, demonstrating the crystallization in the tetragonal anatase phase only for samples A and B.  
Figure 63 reports FE-SEM images of the three different magnetite-TiO2 samples. Apparently, no 
macroscopic differences were detected: all the materials presented a very similar roughly spherical 
morphology with large aggregates in which the TiO2 NPs have dimensions of about 10 nm.  
 
Figure 63. FE-SEM images of the three samples. 
 
Finally, the surface area analysis, reported in Table 1, showed an evident increase in the surface 
to mass ratio, from 174.83 to 302.39 m2/g from sample A to sample C respectively. All these values 
were lower than pure TiO2 NPs surface area (D system with 341.86 m2/g). The increase in the surface 
area is strictly correlated to the decrease of the crystallinity grade, as the aforementioned XRD 
analysis revealed. Since the adopted synthesis protocol in all the samples is the same, except the 
concentration of magnetite NPs, a clear dependence between the amount of Fe3O4 and the 
morphological and crystalline properties of the materials was observed. Decreasing the amount of 
magnetite, from sample A to D, a contemporary decrease in crystallinity and increase in surface area 
is clearly demonstrated. This general behavior can be correlated to the role of Fe3O4 nanoparticles 
that act, in the whole synthesis process, only as germination seeds for the growing and crystallization 
of TiO2 in the anatase phase.  
. 
Sample BET (m2/g) 
A 174.83 
B 286.73 
C 302.39 
D 341.86 
Table 12. Surface areas determined for the different samples. 
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4.2.1.2 Photocatalytic activity 
 
Figure 64 reports the efficiency of the methylene blue degradation using the hybrid TiO2/Fe3O4 
samples (A, B, C) in comparison with pure TiO2 NPs (sample D), synthesized in the same conditions 
but without the presence of magnetite, and commercial P25, i.e. TiO2 powders from Sigma Aldrich. 
Magnetite NPs, tested in the same conditions, do not show photocatalytic activity towards MB. 
Sample D results the less active even if presenting the best surface area; this fact is clearly related to 
the low crystallinity that affects drastically the catalytic performance.  
Even if from the XRD also sample C resulted amorphous, its degradation efficiency is similar to 
sample A; apparently, the synergic effect between surface area and crystallinity played an important 
role.  
Consequently, sample A possessed a larger number of particles in anatase structure, but suffered for 
the lack in surface area; on the contrary, for sample C the high surface area compensated the low 
crystalline grade. However, the two samples reach a degradation of about 70% after 120 min of light 
exposure, value lower of only 10% respect to P25.  
The best catalytic performance is reached by sample B that shows a conversion up to 95% after 120 
min. It is noteworthy that, already after 60 min, sample B degrades more than 60% of MB. 
The percentage of degradation (D%) was determined using the relation98: 
 
3% 
56 − 58
56
∙ 100 
 
 
Figure 64. Percent degradation of MB versus time. The experimental points are averaged over three replicates with 
an error smaller than the used symbols. 
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Finally, the photocatalytic efficiency of the best material was tested for the degradation of OFL, a 
real emerging contaminant, in natural water sample. Among FQs, this compound was selected due to 
its wide presence in environmental matrices, and also because it is characterized by a slower 
photolytic decay in water matrices compared to other drugs. 
Figure 65. Photolytic (▲) and photocatalytic (●) degradation profiles of OFL under simulated solar light. The 
experimental points are averaged over three replicates with an error smaller than the used symbols. 
 
 
Before irradiation, spiked samples (10 mg/L OFL, 0.5 g/L catalyst) were stirred in the dark, for 20 
min to achieve sorption equilibrium. Under these conditions, a significant percentage of OFL was 
adsorbed onto the catalyst, namely 17%. As shown in Figure 61, a quantitative abatement (> 96%) of 
OFL was gained under simulated solar light in just 10 min. On the contrary, in the same experimental 
conditions, about 60 min were required to obtain a comparable degradation efficiency under direct 
photolysis. 
 
4.2.2 NPs seed mediated synthesis for photocatalytically active TiO2 NPs 
 
Based on the good results obtained in the preparation of Fe3O4@TiO2 NPs as hybrid photocatalytic 
material, other types of NPs have been tested as nucleation seeds for the synthesis TiO2 NPs. 
In particular, magnetic MFe2O4 ferrites (where M is Iron, Cobalt and Nickel) and non-magnetic 
lutetium oxide (Lu2O3) NPs were used during the synthesis of titania NPs.  
STEM and TEM images of the seeds NPs are reported in Figure 66. 
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Figure 66. STEM images of Nickel ferrite seeds (A-B), Cobalt ferrite seeds (C-D), Fe3O4 seeds (E) and TEM image of 
Lu2O3 seeds (F). 
 
It is important to notice that the different nucleation seeds have different morphological aspects, as 
the nanoparticles present different dimensions and shapes. Their size ranges from 8 to 30 nm, with 
cubic or spherical shapes, but all present cubic lattices.  
 
Table 13. Chemical composition, size, shape and crystallographic structure of the nucleation seeds. 
These parameters, reported in Table 13, have been chosen to state if the crystallization of the 
tetragonal anatase phase would be anyhow affected by these ones. 
  
 
  
Sample 
Seeds 
chemical 
composition 
Seeds size 
(nm) Seeds shape 
Seeds 
crystallographic 
structure 
Theoretical 
lattice 
parameters 
Sample 1 NiFe2O4 30 ± 5.2 Cubic cF56 – Fd-3m 8.338 Å 
Sample 2 NiFe2O4 8.8 ± 1.2 Spherical cF56 – Fd-3m 8.338 Å 
Sample 3 CoFe2O4 8.6 ± 2.1 Spherical cF56 – Fd-3m 8.392 Å 
Sample 4 CoFe2O4 17.2 ± 3.4 Cuboctahedron cF56 – Fd-3m 8.392 Å 
Sample 5 Fe3O4 7.2 ± 1.2 Spherical cF56 – Fd-3m 8.394 Å 
Sample 6 Lu2O3 19 ± 6 Distorted spherical cI180 – Ia-3 10.39 Å 
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4.2.2.1 Chemico-physical characterization 
 
XRD analysis 
 
In Figure 67, the XRD spectra of the synthesized samples are shown, together with the line pattern of 
the TiO2 anatase, from the Pearson’s Crystal Data software. It is possible to state that, whichever is 
the seed used, the temperature and pressure conditions reached with the hydrothermal synthesis can 
crystallize the amorphous titanium dioxide in the tetragonal anatase structure thanks to the presence 
of the nucleation seeds with a concentration one thousand times lower than the TiO2. In fact, for each 
sample synthesized, it is possible to identify the typical anatase peaks without any other signal 
ascribed to secondary phases. The only slight difference that can be detected, but unfortunately not 
quantifiable with this kind of characterization, is the presence of small amounts of amorphous TiO2; 
this can be roughly estimated from the goodness of the baseline. We couldn’t make a comparison 
with a blank sample, since TiO2 NPs were prepared by hydrothermal synthesis without any nucleation 
seed in the synthesis vessel: the obtained sample was completely amorphous, preventing thus any 
information from the XRD analysis.  
 
Figure 67. XRD patterns of the synthesized samples and the anatase TiO2 reference pattern (line pattern). 
 
The microstructural properties of the six synthesized samples are very similar for each systerm. This 
lack of difference could be assigned to the unspecific mechanism of the nucleation, as the ferrite 
nanoparticle acts as nucleation seed for other TiO2 nanoparticles: titania doesn’t grow homogeneously 
on the ferrite’s surface but it begins to crystallize in certain spots of the ferrite surface and then the 
so-formed TiO2 nanoparticle acts itself as new nucleation seed for further anatase TiO2 nucleation.  
It is noteworth that the crystallization of the tetragonal anatase phase occurred for every type of 
nucleation seeds used in the synthesis, even if they present different characteristics as the lattice 
parameter that varies from 8.338 for NiFe2O4 to 10.39 for Lu2O3. Thus, the nucleation is not affected 
by crystalline structure and/or lattice parameters of the seeds but it’s an aspecific mechanism.  
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FE-SEM analysis 
 
In Figure 68, the surface morphology of the samples is presented. All the synthesized samples show 
a similar morphology, so only FE-SEM images of sample 3 and 4 are presented. It is possible to state 
that the samples show a very small spongy appearance, with single particles with diameter ranging 
from 5 to 15 nm, mostly aggregated with each other in micrometric agglomerates. 
 
 
Figure 68. FE-SEM images taken at 20 kV of Sample 3 (left) and of Sample 4 (right). 
Differential Scanning Calorimetry 
 
The thermal behavior of the synthesized samples is shown in Figure 68. Each sample shows a similar 
trend, with a first endothermic peak due to the desorption of water around 80°C. Then, an exothermic 
signal is visible for each sample at a Tonset equal to about 210 °C, with a slight difference in the 
underlying area under the thermal signals, which can be ascribed to the amount of 2-propanol, arising 
from the sol-gel synthesis, physically adsorbed on the TiO2 surface and burnt in the DSC analysis. A 
second small and broad exothermic peak, centered at around 380 °C, related to the phase transition 
from amorphous to anatase, can also be detected in all the samples. From this last thermal signal, we 
can state that the different nucleation seeds lead to different (small) amounts of amorphous residual 
phase, which, as noticed from X Ray diffraction data, can be anyway neglected with respect to the 
crystalline phase. 
 
Figure 68. Thermal behavior of the different synthesized samples investigated under O2 flow (20 mL/min) between RT 
and 500°C. 
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4.2.2.2  BET and Photocatalytic Experiments 
 
In Table 14 the data from photocatalytic experiments, made in triplicate (n=3), are reported.  
 
 
 
 
 
 
Table 14. Photocatalytic efficiency of the synthesized samples 
 
Concerning BET analyses, we couldn’t perform the analysis for every sample and we decided to 
investigate the samples with Co ferrites with two different shape and dimensions, to justify the 
different thermal behavior highlighted with the DSC analysis and to compare the results with known 
data. 
As we can see, the photocatalytic efficiency of the samples results to be the same for each one: 
considering the standard deviation, the percentage degradation values fit in the same range for every 
sample, thus indicating that the difference in the nucleation seed doesn’t affect the photocatalytic 
efficiency at all. This peculiar efficiency must be related to the surface area, which settles to very 
high values for all the samples, thanks to the hydrothermal synthesis, which prevents the sintering of 
the powders, a disadvantage usually obtained with furnace thermal treatments, leaving the samples 
with a high surface to mass ratio. It is indeed demonstrated that the slight difference in the surface 
area, as shown by the BET measurements, reflects in slight different thermal behaviors: in fact, it can 
be oserved that sample 3 and 4, for which BET measurements have been made and are respectively 
equal to 200.23(1) and 218.30(1) m2/g, show a different underlying area for the exothermic peak at a 
Tonset of 210°C attributable to the thermal desorption and decomposition of organic compounds, which 
burn under O2 flow.  
The BET measurement performed on the blank sample gave a surface area value equal to 341.86 m2/g 
99
, but the photocatalytic activity of this sample is much lower than our samples: the sample is 
amorphous and reaches a methylene blue percentage degradation of 20%, in the same experimental 
conditions. The surface area of a solid state treated sample is much lower, as it is equal to 122.2 m2/g 
100
, when annealed at 400°C in a furnace. Even if the annealing process allows to obtain the anatase 
structure, better for photocatalysis, the low value of the surface area prevents to achieve high 
degradation values. The photocatalytic activity of this sample, investigated with salicylic acid 
degradation, reached a value of around 35% in 250 min.  
 
 
 
 
 
 
 
Sample Degradation (%) (120 min) St. Dev. (n=3) 
Sample 1 98.71 1.38 
Sample 2 95.36 4.01 
Sample 3 97.94 1.26 
Sample 4 97.11 2.10 
Sample 5 98.78 0.59 
Sample 6 96.88 0.10 
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Conclusions 
 
The aim of my PhD project was to investigate nanosized systems with potential applications in the 
biomedical and environmental field. In Chapter 3 of this thesis, results concerning iron based 
nanoparticles for different potential biomedical applications are reported. Among them, magnetite 
NPs are the most extensively investigated. From a chemical point of view, a modified coprecipitation 
method was employed to synthesize magnetite NPs. A silane derivative, carrying an amino group 
able to bond organic moieties to functionalize the MNP, has been attached on the surface of the 
nanoparticles by a hydrolysis and condensation process. 
In a first step, a linker molecule (APTES) was bonded to magnetite thanks to the reaction between 
outward – OH groups and the ethoxy groups of APTES molecule. In the second step, converting the 
amino group into an isocyanate group, it was possible to couple the tripeptide-pyrene molecule. To 
evaluate another coupling approach of the tripeptide-pyrene to APTES functionalized NPs, we added 
a further linker, i.e. a dicarboxylic acid, between APTES and tripeptide. This second reaction was 
found to be milder and easier than the previous one, allowing also to achieve higher loading of 
tripeptide-pyrene. 
Even if the synthesis represents the most important part of the work, great effort was dedicated to the 
evaluation of enzyme promoted cleavage of pyrenemethylamine from the nanoparticles. Although in 
this preliminary investigation the released molecule was only a simple fluorescent compound 
(pyrenylmethylamine), the same strategy can be applied to the release of other molecules as cytotoxic 
drugs. The tripeptide specifier has been designed in order to selectively release the organic molecule 
upon the action of a lysine selective serine protease such as trypsin or plasmin. Although the rate of 
enzymatic cleavage is quite low in both cases, urea and dicarboxylic acid linkers (7.1% and 5.8% 
respectively), this is not a disadvantage in view of continuous, slow release of a drug from the 
nanoparticle. The well-established possibility to guide magnetic nanoparticles to the malignant tissues 
coupled with the overexpression of proteases such as plasmin in many tumour cells, might allow a 
substantial increase in the therapeutic index. 
Within biomedical applications, relevant results were obtained among SPION/sorafenib/micelles and 
Solid Lipid Nanoparticles (SLNs) topics. In particular, our effort was focused on the magnetic 
characterization of samples (prepared by the research team of the University of Bari) and the 
realization of a dynamic flow circuit to evaluate the accumulation of micelles in a simulated blood 
flow.  
Magnetic characterization has confirmed not only the successful encapsulation of SPIONs in the core 
of the micelles, but, remarkably, has also demonstrated itself an extremely effective tool to quantify 
the magnetic NPs in a formulation. The design and application of the in vitro dynamic circuit 
simulating blood flow rates in the liver has proven that the SPION/micelles can be efficiently captured 
by a magnetic field, suggesting that they could be magnetically targeted to tumor sites under typical 
blood flow conditions found in the human liver. 
The Bari group have performed a systematic study of the in vitro response of HepG2 cells exposed 
to SPION/sorafenib/Micelles to assess toxicity and the influence of a magnetic field on their toxicity. 
The experimental results have demonstrated that the antitumor activity of sorafenib is fully preserved 
upon encapsulation in hydrophobic micelle cores and that the presence of a magnetic field enhances 
cell internalization of SPION micelles, without affecting cell viability. Finally, cell recovery 
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experiments have highlighted the occurrence of slower release kinetics in SPION/sorafenib/Micelles 
treated cells than in cells incubated with free sorafenib.  
Remarkably, the magnetically targeted SPION/sorafenib/Micelles have demonstrated superior 
antitumor efficacy. The PEG-PE micelles have enabled the convenient combination of an anticancer 
drug with magnetic NP based nanovectors in one versatile nanoformulation that can be magnetically 
concentrated in tumor tissues. This nanoformulation could potentially have a high impact on 
magnetically targeted therapies for HCC. 
The last research activity among biomedical field concerns the preparation of ferrite based 
nanoparticles with core-shell and multi-shell structures to gain enhanced magnetic properties for a 
possible application in the field of the magnetic hyperthermia. Two configurations have been adopted, 
based on the alternating a hard CoFe2O4 phase and a soft phase NiFe2O4 or Fe3O4: conventional 
hard/soft and inverse soft/hard structures. STEM images allowed to determine the increase of 
dimension, thus confirming the formation of a shell on the cores. 
For both core-shell systems, the magnetic coupling between the seed and the core-shell sample can 
be observed from the hysteresis cycles. The growth of a soft Ni ferrite shell affects the hard properties 
of the Cobalt ferrite seeds resulting in a decrease from 1.3 T to 0.8 T; on the contrary, the growth of 
a hard shell increases the value of the coercive field of the soft seeds of more than one order of 
magnitude (0.02 T to 0.3 T). 
Multi-shell structures have been synthesized through multiple high decomposition syntheses. The 
system dimensions increase from 8.6 nm to 19 nm, and through HR-TEM images the multi-shell 
structure can be confirmed. As occurred for the conventional core-shell NPs, also in this case the 
magnetic hysteresis cycles should show a decreasing in coercive field, on the growing of soft shells. 
Indeed, it occurs for the second and third shell NPs but surprisingly not for the first shell NPs; an 
increase of µ0Hc is instead observed. This is due to the exchange coupling phenomenon that affect 
the magnetic properties of the system, enhancing the coercivity, when the shell thickness is very thin, 
as occurred in this case (0.7 nm). 
In the framework of environmental applications, we successfully synthesized magnetite nanoparticles 
and functionalize them with thiol-silane derivative, achieving the product named Fe3O4@MPTMS 
NPs. The samples have been completely characterized by FE-SEM microscopy, FT-IR spectroscopy 
and TGA analysis. 
Fe3O4@MPTMS NPs were employed in the capture and the recovery of toxic metal ions as Pb (II), 
Cu (II), Cd (II) and Ag (I) from waters. The most investigated metal was Pb (II) that allowed to 
optimize the method. 
Two approaches have been adopted: i) a static mode, in which the capture and recovery occur in a 
Falcon test tube, thus in a small volume (50 mL), using an optimized configuration of commercial 
NdFeB ring permanent magnets; ii) a dynamic mode, in which an appositely designed glass capillary 
circuit has been built to treat higher volumes of polluted water, up to 1 L. 
It should be pointed out that our optimized magnet configuration was able to collect more than 99% 
of magnetic nanoparticles in ten minutes and, adopting the correct nanoparticle concentration (300 
ppm), more than 91% of Pb (II) in the same time. 
Furthermore, we have demonstrated the possibility to perform a regeneration of the nanoadsorbents, 
and reuse them to capture again Pb2+ ions up to five cycles. The regeneration has been achieved 
through the recovery of the heavy metal ions by complexation of Pb with EDTA solution. 
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Even if the Pb2+ capture decreased after the first cycle to the fifth cycle (from 85.6% to 34.4%), the 
EDTA mediated regeneration of the NPs was always very efficient up to 80% of recovered Pb (II). 
Concerning the other metal ions investigated, Cd (II) and Cu (II) captures reached 10% and 36% 
respectively, indicating that the interaction between these two metals and NPs is significantly lower 
than that with Pb (II). 
We optimized a dynamic circuit to treat higher amount of polluted water, increasing the volume up 
to 1 L. Preliminary experiments showed the possibility to collect more than 90% of NPs in one hour, 
with a Pb2+ uptake up to 21%; optimization of the fluid flux rate and/or the design of the circuit could 
be key factors to improve the heavy metal capture. 
Within photocatalysis, a simple sol-gel process approach was developed for the preparation of Fe3O4 
- TiO2 nanopowders. Different Fe3O4/TiO2 molar ratios have been studied to test the photocatalytic 
activity in the degradation of Methylene Blue and Ofloxacin antibiotic, an emerging water pollutant, 
in the UV–visible light range. 
Fe3O4 NPs can improve the photocatalytic activity of titania because they act, as germination seeds, 
for the crystallization of TiO2 NPs in the anatase structure at a temperature lower than that reported 
in the literature. The combination of higher crystallinity grade and surface area provides an 
enhancement in the photocatalytic activity for sample B: the efficiency of our NPs in the MB and 
OFL degradation is even higher than the P25 commercial titania powders. Indeed, the reached 
percentage degradation, with the same exposure time, is 15% greater compared to commercial P25 
TiO2. 
To evaluate the influence of other types of seeds, different NPs, Cobalt and Nickel ferrites and Lu2O3 
NPs, have been employed. As occurred for magnetite, small amount of NPs (NPs/TiO2 1:1000) have 
been added during the synthesis of TiO2.  
The presence of this small amount of ferrite nanoparticles in the hydrothermal reactor allows to obtain 
crystalline titanium dioxide, as the nanoparticle can act again as nucleation seeds. The nucleation 
starts onto the ferrite nanoparticle surface, forming thus a crystalline anatase seed which in turn will 
act itself as a new nucleation seed for the continuation of the TiO2 crystallization. We have 
demonstrated that the nucleation proceeds in the same way for every NPs seed.  
The diffraction patterns, the surface area, the thermal behavior and the photocatalytic activity of each 
sample results to be the same for every kind of nanoparticle used as nucleation seed. Furthermore, it 
is demonstrated that it is not necessary to use a ferrite structured nanoparticle, as the same results can 
be achieved even with the lutetium oxide which doesn’t have neither a ferrite structure nor magnetic 
properties. 
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5 Appendix A – 1H and 13C spectra of all new compounds 
 
1H-NMR and 13C-NMR of compound 7 
 
 
 
Figure A-1. 1H-NMR compound 7. 
 
 
Figure A-2. 13C-NMR compound 7. 
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tert-Butyl ((S)-5-((S)-2-((R)-2-amino-3-methylbutanamido)-4-methylpentanamido)-6-oxo-6-
((pyren-1-methyl)amino)hexyl)carbamate 7. A suspension of 1-pyrenemethylamine hydrochloride 
(197 mg, 0.737 mmol) in dry DMF (25 mL, 0.03 M) was treated with diisopropylmethylamine (642 
µL, 3.68 mmol), peptide 5 (400 mg, 0.737 mmol) and HATU (280 mg, 0.737 mmol) at RT under N2 
atmosphere. After stirring at RT for 18 h, the mixture was partitioned between EtOAc (40 mL) and 
brine (40 mL). Although the desired product was rather insoluble in both phases, it tends to disperse 
in the organic phase, and thus separation was anyway possible. The phases were separated and the 
aqueous phase was re-extracted twice with EtOAc (2 × 20 mL). The combined organic phases were 
washed with brine (3 ×) and concentrated to dryness. The residue (yellow solid) was used in the next 
step without further purification. It was suspended in dry and degassed THF (14 mL, 0.05 M) and 
treated with Pd(PPh3)4 (85 mg, 10 mol%) and phenylsilane (910 µL, 7.37 mmol) at 0 °C under an Ar 
atmosphere. After stirring at rt for 4 h, the dark mixture was concentrated and purified by flash column 
chromatography on silica gel eluting with 5% MeOH in DCM to give 7 (272 mg, off-white solid, 
55% from 5). M.p. = 200–201 °C. Rf = 0.59 (DCM/MeOH 9:1; UV and HBr followed by ninhydrin). 
[α]D24 = −10.2 (c = 1.0, MeOH). 1HNMR (300 MHz, DMSO-d6, 25 °C): δ 8.52 (t, 3JH,H = 5.6 Hz, 1 
H, NH-CH2-pyrene), 8.39–8.20 (m, 5 H, CH pyrene), 8.16 (s, 2 H, CH pyrene), 8.13–7.91 (m, 4 H, 
NH Leu + NH Lys + CH pyrene), 6.75 (t, 3JH,H = 5.4 Hz, 1 H, NH Boc), 5.01 (d, 3JH,H = 5.7 Hz, 2 H, 
NH-CH2-pyrene), 4.40–4.19 (m, 2 H, α-CH Leu + α-CH Lys), 3.03 (d, 3JH,H = 5.0 Hz, 1 H, α-CH 
Val), 2.90–2.75 (m, 2 H, α-CH2 Lys), 1.89–1.77 (m, 1 H, β-CH Val), 1.74–1.47 (m, 3 H, β-CH2 Leu 
+ γ-CH Leu), 1.46–1.15 (m, 15 H, tBu + β-CH2 Lys + γ-CH2 Lys + δ-CH2 Lys), 0.88–0.68 (m, 12 H, 
4×CH3 Val and Leu). 13C NMR (75 MHz, CDCl3, 25 °C): δ 172.0 (2 × C=O amide), 171.4 (C=O 
amide), 155.5 (C=O Boc), 132.7 (C quat. pyrene), 130.8 (C quat. pyrene), 130.3 (C quat. pyrene), 
130.1 (C quat. pyrene), 128.1 (C quat. pyrene), 127.5 (CH pyrene), 127.4 (CH pyrene), 127.0 (CH 
pyrene), 126.6 (CH pyrene), 126.3 (CH pyrene), 125.3 (CH pyrene), 125.2 (CH pyrene), 124.7 (CH 
pyrene), 124.0 (C quat. pyrene), 123.9 (C quat. pyrene), 123.2 (CH pyrene), 77.3 (C quat. tBu), 59.5 
(α-CH Val), 52.7 (α-CH Lys), 50.8 (α-CH Leu), 40.8 (β-CH2 Leu), ~39.5 (ε-CH2 Lys + NH-CH2-
pyrene buried by DMSO), 31.7 (β-CH2 Lys), 31.5 (β-CH Val), 29.2 (CH2 Leu), 28.3 (tBu CH3), 24.1 
(γ-CH Leu), 23.0 (CH3), 22.8 (CH2 Leu), 21.4 (CH3), 19.4 (CH3), 16.9 (CH3). I.R.: ῡ 3275 (w), 3043 
(w), 2957 (w), 2930 (w), 2870 (w), 1678 (m), 1627 (s), 1530 (s), 1468 (m), 1390 (m), 1365 (m), 1276 
(m), 1250 (m), 1168 (m), 1101 (w), 1064 (w), 1009 (w), 962 (w), 892 (w), 840 (s), 819 (m), 751 (m) 
cm−1. HRMS (ESI+) m/z [M + H+]: calcd. for C39H54N5O5 672.4125; found 672.4128. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 74 
 
 
1H-NMR and 13C-NMR of compound 9 
 
 
 
 
Figure A-3. 1H-NMR compound 9. 
 
 
 
Figure A-4. 13C-NMR compound 9. 
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(10S,13S,16R)-13-Isobutyl-16-isopropyl-2,2-dimethyl-4,12,15,18-tetraoxo-10-((pyren-1-
methyl)carbamoyl)-3-oxa-5,11,14,17-tetraazahexacosan-26-oic acid 9. A solution of 7 (99 mg, 
0.147 mmol) in dry DMF (4 mL, 0.04 M) was treated with N,N-diisopropylethylamine (128 µL, 0.735 
mmol), monomethyl azelate (31 mg, 0.154 mmol) and HATU (1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (56 mg, 0.154 mmol) at rt under N2 
atmosphere. After stirring at RT for 3 h, the mixture was portioned between EtOAc (20 mL) and brine 
(20 mL). Although the desired product was rather insoluble in both phases, it tends to disperse in the 
organic phase, and thus separation was anyway possible. The aqueous phase was extracted with 
EtOAc (2 × 20 mL) and the combined organic phases were washed with brine (3 ×), and directly 
concentrated to dryness. The residue (yellow solid) was used in the next step without further 
purification. It was taken up in DMF (4 mL, 0.04 M) and treated with 1M NaOH (aqueous solution, 
300 µL, 0.300 mmol) at rt. After stirring for 5 h, the mixture was partitioned between EtOAc (20 mL) 
and (NH4)H2PO4 5% aqueous solution (20 mL) 0.1 N HCl was added until pH 4. Although the desired 
product was rather insoluble in both phases, it tends to disperse in the organic phase, and thus 
separation was anyway possible. The aqueous phase was extracted with EtOAc (3 × 10 mL) and the 
combined organic phases were washed with brine (3 ×) and directly concentrated to dryness. The 
residue (yellow solid) was triturated with Et2O to give 9 (106 mg, white solid, 85% from 7). M.p.: 
238 °C with decomposition. Rf = 0.24 (DCM/MeOH 95:5; UV and CAM). [α]D24 = -10.7 (c = 0.49, 
EtOH). 1H NMR (300 MHz, DMSO-d6, 25 °C) δ = 8.44–8.20 (m, 7 H, NH-CH2-pyrene + NH Val + 
CH pyrene), 8.15 (s, 2 H, CH pyrene), 8.07 (t, 3JH,H = 7.6 Hz, 1 H, CH pyrene), 8.00 (d, 3JH,H = 7.9 
Hz, 1 H, CH pyrene), 7.94 (d, 3JH,H = 7.7 Hz, 2 H, NH Leu + NH Lys), 6.75 (t, 3JH,H = 5.6 Hz, 1 H, 
NH Boc), 4.99 (d, 3JH,H = 5.7 Hz, 2 H, CH2-pyrene), 4.26–4.13 (m, 2 H, α-CH Leu + α-CH Lys), 4.02 
(t, 3JH,H = 7.3 Hz, 1 H, α-CH Val), 2.92–2.80 (m, 2 H, ε-CH2 Lys), 2.12 (t, 3JH,H =7.4 Hz, 2 H, 
CH2CO2H), 2.08–1.97 (m, 1 H), 1.96–1.82 (m, 2 H,), 1.80–1.52 (m, 3 H), 1.52–1.42 (m, 2 H), 1.36 
(s, 9 H, tBu), 1.42–1.15 (m, 8 H), 1.15–0.95 (m, 6 H), 0.94–0.67 (m, 12 H, 4×CH3 Val and Leu). 13C 
NMR (75 MHz, DMSO-d6, 25 °C) δ = 174.6 (C=O), 173.0 (C=O), 172.2 (C=O), 172.2 (C=O), 171.5 
(C=O), 155.5 (C=O Boc), 132.7 (C quat. pyrene), 130.8 (C quat. pyrene), 130.3 (C quat. pyrene), 
130.1 (C quat. pyrene), 127.9 (C quat. pyrene), 127.5 (CH pyrene), 127.4 (CH pyrene), 127.0 (CH 
pyrene), 126.3 (CH pyrene), 126.2 (CH pyrene), 125.2 (CH pyrene), 125.2 (CH pyrene), 124.7 (CH 
pyrene), 124.0 (C quat. pyrene), 123.9 (C quat. pyrene), 123.1 (CH pyrene), 77.3 (C quat. tBu), 58.8 
(α-CH Val), 53.3 (α-CH Lys or α-CH Leu), 51.4 (α-CH Lys or α-CH Leu), ~39.52 (β-CH2 Leu + ε-
CH2 Lys + CH2-pyrene buried by DMSO), 34.8 (CH2), 33.7 (CH2CO2H), 31.2 (CH2), 29.8 (CH), 
29.3(CH2), 28.5 (3×CH2), 28.3 (tBu CH3), 25.1(CH2), 24.5 (CH2), 24.1 (CH2), 23.2 (CH3), 23.1 (CH), 
20.8 (CH3), 19.0 (CH3), 18.7 (CH3). I.R.: ῡ 3272 (m), 3049 (w), 2930 (w), 2869 (w), 1680 (m), 1626 
(s), 1532 (s), 1457 (m), 1390 (m), 1366 (m), 1277 (m), 1249 (m), 1226 (m), 1168 (m), 1102 (w), 1011 
(w), 961 (w), 914 (w), 841 (m), 820 (w), 752 (m), 704 (m), 680 (m), 654 (m), 619 (m) cm−1. HRMS 
(ESI+) m/z [M + H+]: calcd. for C48H68N5O8 842.5068; found 842.5074. 
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6 Appendix B - Characterization techniques 
 
6.1 Scanning Electron Microscope (SEM)  
 
Scanning electron microscope (SEM) is a fundamental instrument for the characterization of samples 
by direct observation of the structure and morphology. The radiation used to scan the sample is an 
electron beam that allows to reach spatial resolution much higher than that achievable with visible 
light. In this instrument, the acceleration voltage is lower than the one used for Transmission Electron 
Microscopy, TEM (20 keV instead of 200 keV) thus the maximum spatial resolution achievable is 
around 1.5 nm. The fundamental difference between the two instruments is the origin of the recorded 
signal; in the case of TEM, the electron beam passes through the sample and the image is created by 
the different deviation of the electron by the electron density of the sample. In the SEM, the detector 
is placed on the same side of the electron source thus only electrons arising from the sample are 
detected.  
In the case of SEM, different signals can be detected obtaining different information about the sample. 
The interaction between the beam and the sample gives rise to two main categories of electrons 
coming out from the surface of the sample: backscattered electrons (BSE) and secondary electrons 
(SE), as pictured in Figure a.  
BSE signal arise from elastic scattering with the electron cloud of the sample; this kind of electrons 
have a relatively high energy, higher than 50% of the primary beam energy. BSE are useful to obtain 
high compositional contrast since the backscattering coefficient is strongly affected by the atomic 
number of the sample.  
SE arise from a complete different phenomenon. When high-energy electrons hit a sample, inelastic 
scattering can happen and electrons of the specimen can be ejected during the process. These electrons 
originally bonded to the samples (weakly bounded conduction e- and/or outer shell valence e-) once 
ejected are referred as the secondary electrons. The energy distribution of the secondary electrons is 
a narrow peak at very low energy around 2-5 eV with 90% of them with energy lower than 10 eV. 
Considering their low energy, SE can escape from the sample just if they are formed close to the 
surface thus the signal will be strongly related to the morphology of the sample.  
 
 
 
Figure B-1. Scheme of the signals deriving from the interaction between electron beam and sample. 
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In SEM instruments, the electron beam is provided by thermionic or field emission sources. For many 
of the samples synthesized through this thesis, the analyses were performed with a FE-SEM (Field 
Emission SEM) where a field emission gun is adopted. This electron source presents several 
advantages with respect to the thermoionic one, mainly related to better characteristics and higher 
stability of the produced beam. Once produced, the beam passes in the optical column (maintained 
under vacuum) where it is manipulated and finally focused on the sample thanks to electromagnetic 
lenses. Since the interaction between the beam and the sample brings to different signals, more 
specific detectors are required. In Figure B-2, a schematic section of the main parts of a SEM is 
reported.  
 
Figure B-2. Scheme of SEM from gun to sample. 
 
High energy BSE are detected mainly by solid-state detector usually placed around the exit of the 
optical column. Low energy SE can be detected in different ways. The more common detector is the 
Everhart-Thornley detector, which is placed directly in the sample chamber. This detector generates 
the signal by means of a scintillator combined with a photomultiplier. Usually, it is combined with a 
Faraday cage placed around the scintillator whose potential regulates the fraction of electrons that 
will be detected. Even if this kind of detector is the most commonly used, it is affected by different 
problems. For example, contribution arising from BSE emitted in the solid angle of the detector is 
difficult to remove and furthermore SE generated by the interaction between BSE and the walls of 
the chamber can be detected as well.  
A better SE signal can be collected by means of the In-Lens detector. In this case the detector is 
placed directly inside the optical column, thus the SE arising from the sample have to be forced in 
that direction before being revealed. This is commonly done by means of snorkeling lenses, i.e. 
electromagnetic lenses reaching the surface sample and forcing the path of the low energy SE. The 
use of this detector allows to obtain better images since it not affected by signals not related to the 
sample and moreover the signal is not related to the position of the detector with respect to the sample. 
This kind of detector has been used for most of the collected images. It is noteworthy to underline 
that the use of In-Lens detector needs a very low working distance, i.e. distance between the exit of 
the optical column and the sample. This is a limitation since it does not allow to use simultaneously 
the In-Lens detection and the EDX analysis.  
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Sample preparation: FE-SEM analysis has been performed on a large number of samples since it 
allows to directly appreciate the morphology and the dimension of the particles. The sample is 
prepared dispersing the powder in an appropriate solvent and sonicating the dispersion with ultrasonic 
horn. The concentration has to be low enough to ensure a good dispersion but high enough. Once 
prepared the dispersion, few drops (depending on the concentration) are deposited on the support. For 
screening purpose, almost every support can be used even if a smooth conducting surface has to be 
preferred. For high resolution images, we deposited the sample over TEM grid, i.e. copper grid where 
an amorphous carbon layer guarantees an extremely low noise support for the particles. 
6.2 Scanning Transmission Electron Microscopy (STEM) 
 
The Electronic Scanning and Transmission Microscope (STEM) is a valuable tool for characterizing 
nanostructures. It can be used in different image capture modes and also provides information on the 
elementary composition and the electronic structure of the material being examined. 
This type of electron microscope has been used for characterizing samples prepared at NTNU 
(Norway) during my visiting research period. 
The STEM microscope is based on the same principle of scanning electron microscopy (SEM); it 
uses a focused electron beam that is scanned on the sample, while the desired signals are collected to 
form an image. One of the main differences with the SEM microscope is the preparation of the 
sample, which must be very thin (<100 nm) so that it can take advantage of the transmission mode. 
This requirement is fundamental in analyses performed with the Electronic Transmission Microscope 
(TEM) and it’s achieved depositing the sample on special copper coated substrates (thin grid) of 
carbon (as already described for FE-SEM). 
This prerogative along with its versatility makes the STEM microscope a quick means for the 
characterization of nanostructures. As in SEM, secondary (SE) or back-scattered (BSE) electrons can 
be used for imaging; but higher intensity signals for better spatial resolution are provided by 
transmitted electrons. 
Figure B-3. Scheme of a STEM microscope. 
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The detectors commonly used include a light field detector (Bright Field, BF) intercepting the 
transmitted beam and a dark field detector (Dark Field, DF) surrounding the transmitted beam to 
collect scattered electrons. As can be seen from Figure B-3, the incident beam is collimated as in a 
TEM up to the sample. 
 
Bright field detector 
It is the most common mode of operation and represents a simple 2D projection of the sample. This 
small detector on the axis with the electron beam includes beam transmission through the sample so 
the sample appears dark and the light sample holder, hence the name bright field. The origin of the 
image contrast is due to the diffraction of Bragg (green circles in Figure B-4); in itself it would not 
produce an image but by reducing the intensity of the primary beam in areas that are properly oriented 
to have diffraction, it determines the local intensity of the image. This type of contrast is called 
"diffraction contrast". Because the contrast depends on the angle with which the beam affects the 
sample, the sample holder in the TEM as in the STEM allows rotating the sample to select the 
diffractions, and then highlight the details that interest. 
 
Figure B-4. Scheme of bright field detector. 
Thanks to reciprocity theory, the BF-STEM system with convergent lighting and a small axis detector 
is similar to a high-resolution BF-TEM system with a small point source and a rather large detector. 
A disadvantage of both methods is that they are affected by contrast inversions and difficulties 
associated with the interpretation of a consistent signal. 
 
Dark field detector 
The dark field detector excludes the beam transmitted by showing the light sample and the dark 
support. 
The inside angle of this detector can be changed by modifying the "camera length" with post-sample 
lenses to collect electron transmitted leaving the sample at relatively high angles to the optical axis 
(Figure B-5). 
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Samples can exhibit diffraction contrast, so the electron beam is discharged by Bragg, which in the 
case of a crystalline sample dissipates electrons in discrete positions in the posterior focal plane. By 
inserting openings in the rear focal plane, i.e. the lens aperture, the desired reflections of Bragg can 
be selected (or excluded), so only parts of the sample will be projected onto the imaging apparatus. 
The use of an annular detector to collect only electron scattered at higher angles (> 80 mrad), often 
referred to as High Angle Annular Dark Field (HAADF), results in a loss of consistency of the 
detected signal, thus improving resolution. 
The Annular Dark Field (ADF) detectors produce an atomic, or Z-contrast, sensitivity image that 
follows the Zα power law, where α is between 1 and 2 depending on the angular field of electrons 
collected and related to the Debye-Waller factor. 
 
Figure B-5. Electrons scattering angles and related used detectors. 
Analyses have been performed with Hitachi S-5500 STEM microscope using both detectors. 
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6.3 X-Ray Diffraction analyses 
 
X-ray diffraction is a characterization method based on the elastic scattering of X-rays from materials 
with atomic or molecular long-range order. This phenomenon appears when a structure with long-
range organization (crystals) interacts with a radiation whose wavelength lies in the same order of 
magnitude of the distance between the scattering elements. This is exactly the situation we have when 
X-rays (10-3 nm < λ <1 nm) are used to probe crystalline structures.  
The radiation focused on crystalline samples interacts with the atoms and their electrons; this 
interaction creates new spherical waves characterized by the same wavelength of the starting 
radiation. Spherical waves arising from different atoms can interact constructively or not, depending 
on the difference in the optical path. In this way, depending on distance between scattering atoms, it 
is possible to observe high intensity for the diffracted radiation just in particular directions. The 
easiest way to describe the diffraction phenomenon is given by the Bragg equation where the effect 
is described as the X-ray reflection on the lattice planes, Figure f. 
 
Figure B-6. X-ray diffraction from crystalline planes. 
 
In the framework of this model, there is constructive interference just if the path of the radiations 
differs of an integer multiple of the wavelength, hence:  
2<=>? sin C  DE 
where dhkl is the distance between the planes, hkl are the Miller indexes characterizing the considered 
planes and θ is the angle of incidence. From this formula, it is possible to correlate the angle at which 
we observe intense diffraction peaks to the distance between the planes that gave rise to that particular 
reflection. Collecting the information from every peak, we are finally able to disclose the crystal 
structure and thus the chemical nature of the sample. 
Considering the Bragg law, it is clear that, fixing the wavelength of the radiation and the orientation 
of the crystal with respect to the X-ray source, just a limited number of crystalline planes will satisfy 
the Bragg equation thus giving observable diffraction peaks. In order to solve this problem and to 
collect every possible diffraction peak, many different systems have been developed, depending on 
the nature of the sample under investigation (for example, single crystals or powders). 
In this thesis, X-ray diffraction patterns have been collected from powder samples using a θ-2θ Bragg-
Brentano diffractometer whose geometry is depicted in Figure g. In this case, the powders are placed 
in a sample holder positioned at the center of a goniometric circle, which rotates around the axis 
perpendicular to the direction of the beam. This rotation is combined with the movement of both the 
 82 
 
X-ray source and the detector; in particular, at each θ rotation of the source, the detector moves of an 
angle 2θ. 
 
Figure B-6. Scheme of Bragg-Brentano diffractometer. 
In our work, we mainly analyzed powder samples. For routine analysis, the XRD patterns have been 
collected by means of Bragg-Brentano diffractometer. In particular, the analyses performed at the 
University of Genoa have been made on an automatic diffractometer X’Pert with Cu Kα radiation 
(λ= 1.54056 nm). The patterns have been collected in the 2θ range 20°–100° with a step range of 
0.02°. We prepared the samples placing the powders on a support and fixing it thanks to a 
Vaseline/hexane mixture. The same procedure has been adopted for the analyses performed at the 
NTNU laboratory, where the diffraction patterns were collected using a Bruker D8 Advance 
diffractometer (Cu Kα radiation) in the 2θ range 15°–75°. 
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6.4 Superconducting Quantum Interference Device (SQUID) 
 
Magnetic analyses have been extensively performed to achieve important information about the 
samples. In fact, the magnetic behavior is strongly related to the chemical and morphological 
characteristics of the sample. In the case of NPs, dimensions can dramatically affect the magnetic 
properties, moving from a classic ferromagnetic (FM) behavior at the bulk state to the so-called 
superparamagnetic (SPM) state below a certain critical diameter. Usually, the information is obtained 
through the analysis of the magnetization as a function of the applied external field (hysteresis cycle) 
and as a function of the temperature (ZFC-FC curves).  
The measurements were performed in a DC Superconducting Quantum Interference Device 
(SQUID). The central part is formed by two superconductors separated by thin insulating layers to 
form two parallel Josephson junctions. The device may be configured as a magnetometer to detect 
incredibly small magnetic fields. The Josephson junctions, crucial to the operation of the SQUID, are 
shown in Figure B-7. 
 
Figure B-7. Scheme of Josephson junctions in SQUID superconducting ring. 
If a current flow in the ring, the wave function of the Cooper pairs will be affected by the presence of 
a magnetic flux through the ring by changing the wave function of the electrons. This phase change 
is due to the presence of an additional current in the ring, created by the external magnetic field 
coming from the sample. Experimentally, the magnetic properties of the sample are recorded by the 
change in the voltage of the ring caused by the appearance of the additional current generated by the 
magnetic flux.  
All the components of the SQUID magnetometer are placed in liquid He, thus maintained at a 
temperature close to 4 K. During the measurement, the sample is constantly moved up and down 
close to the SQUID ring and the magnetic flux is integrated on the time. 
 
The magnetization measured as a function of the external applied field has been investigated in the 
μ0H range -5 Tesla ÷ +5 Tesla. As a result of this measurement, saturation magnetization, coercive 
field and the remanence of the sample can be obtained. If the analyzed sample is a nanoscale material, 
dimensional information could be achieved. In case of SPM samples, the magnetization does not 
present hysteresis since the low energy barrier between the minimum states does not allow to retain 
a preferential orientation.  
The energy barrier involved in this process is related to the chemico-physical properties of the 
materials and to its dimension; therefore, reaching information about the energy barrier, we can obtain 
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indication about the dimension of the system. This kind of information can be obtained from the 
investigation of the temperature dependence of the magnetization, which is usually obtained through 
the zero-field cooled – field cooled curves (ZFC-FC).  
The experiment consists in two separate measurements where the magnetization is collected during 
the increasing of the temperature. For the ZFC curve, the sample is cooled to the liquid He 
temperature (without external magnetic fields) in order to completely block the magnetic moment, 
within each NP, along its lower energy direction (i.e. the easy axis direction). Once reached the 
minimum temperature, a small DC field (from 25 to 1000 Oe) is imposed to the sample and the 
temperature is slowly increased. In this situation, the increasing temperature slowly allows the 
magnetic moments to overcome the energy barrier searching for the minimum energy orientation.  
At the same time, the presence of the external field promotes one direction with respect the other 
therefore encouraging the alignment of the moment in a certain direction. This effect can be observed 
macroscopically through an increasing of the magnetization of the sample. This trend continues until 
a certain temperature after that the small perturbation brought by the external field is overcome by 
the thermal energy that is now high enough to equally distribute the moment in random directions. 
This second part of the experiment is characterized by a decreasing of the magnetization of the 
system. The ZFC of SPM samples is therefore characterized by a maximum of the curve whose 
temperature is defined as blocking temperature (TB), i.e. the temperature below which the thermal 
energy is not sufficient to overcome the energy barrier between the two minima for the magnetic 
moment. 
The second part of the experiment involves the measurement of the field cooled (FC) curve. In this 
case, the sample is cooled already in presence of the small external magnetic field down to the 
minimum temperature. The presence of the field in the cooling procedure will bring all the moments 
to be aligned once reached the lower temperature thus observing the highest value for the 
magnetization. During the heating ramp, the magnetization decreases monotonously due to the effect 
of the increasing thermal energy. At a characteristic temperature, the two curves overlap, identifying 
a separation temperature. The comparison between TB and the temperature of separation of the two 
curves gives an idea of the dimensional distribution of the sample; in the ideal case where all the 
particles have the same dimension, the two temperatures would be exactly the same.  
 
Sample preparation  
We performed the static magnetic measurements by means of a DC-superconducting quantum 
interference device (SQUID) magnetometer (MPMS magnetic properties measurement system, 
Quantum Design). The room temperature magnetic hysteresis cycle was measured with a magnetic 
field (μ0H) in the range −5 to +5 T. The thermal dependence of the magnetization (H = 25 Oe, T = 
5–300 K range) was obtained with the zero-field cooling-field cooling (ZFC-FC) procedure. All the 
analyses have been performed on powder samples fixing a small amount (~10 mg) in a plastic holder. 
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6.5 Thermogravimetric Analysis (TGA)  
 
Thermogravimetric Analysis (TGA) is a well-established method for thermal characterization of 
materials.  
The method has been optimized and automated and it became one of the key methods for the thermal 
characterization of solid and liquid materials.  
 
 
 
Figure B-8. Main components of a thermogravimetric analyzer. 
 
In general, TGA is a technique in which the mass of a substance is monitored as a function of 
temperature or time as the sample is subjected to a controlled temperature program in a controlled 
atmosphere. The components of a thermogravimetric analyzer are relatively straightforward. It 
requires a high-resolution balance system, a furnace, a controller and some sort of a sample holder 
system as shown in Figure i. The pan containing the sample resides in a furnace and it is heated or 
cooled during the experiment. The measurement can be performed in inert atmosphere or in presence 
of reactive gas, giving the opportunity to observe many different phenomena. For example, such a 
system can be adopted to analyze the evaporation, decomposition or corrosion of a wide range of 
different materials such as polymers, pharmaceuticals, inorganics or metals.  
Even if the analysis is not particularly demanding from an experimental point of view, many factors 
can affect the results. Instrumental parameters such as heating rate geometry of the pan and the 
furnace as well as sample-related parameters as mass, particles size and sample history, have to be 
carefully considered before the interpretation and the comparison between data sets. Furthermore, an 
accurate calibration of the balance has to be performed in order to avoid undesired effects (for 
example of the temperature) on the measured mass. 
 
Sample Preparation  
In the framework of this thesis, we used TGA to analyze the thermal behavior of NPs in a a Labsys 
EVO Setaram instrument. Approximately 5 mg of sample was weighted in an open alumina crucible 
and heated from 50 °C to 1000 °C in He flux (20 mL/min) with a heating rate equal to 10 °C/min.  
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6.6 Inductively Coupled Plasma–Atomic Emission Spectrometer (ICP-AES)  
 
In an inductively coupled plasma-atomic emission spectrometer the aqueous sample is pumped and 
atomized with argon gas into the hot plasma. The sample is excited, emitting light wavelengths 
characteristic of its elements. A mirror reflects the light through the entrance slit of the spectrometer 
onto a grating that separates the element wavelengths onto photomultiplier detectors. 
The relaxation of the excited electrons as they return to the ground state is accompanied by the 
emission of photons of light with an energy characteristic of the element. Because the sample contains 
a mixture of elements, a spectrum of light wavelengths is emitted simultaneously. The spectrometer 
uses a grating to disperse the light, separating the particular element emissions and directing each to 
a dedicated photomultiplier tube detector. A computer converts the electronic signal from the 
photomultiplier tubes into concentrations.  
The analyzed samples were all in the form of aqueous solution and pneumatic nebulization was used 
to introduce the solutions into the instrument. The primary aerosol thus forms, with droplets size 
varying from some μm to about 100 μm. The so-formed aerosol still has excessive dimensions to be 
subjected to analysis: it is therefore entered into the misting chamber (the one used in the present 
work is a cyclonic nebulization chamber) within which droplets are forced into a swirling motion that 
breaks it further. Thus, the tertiary aerosol is obtained, for which the liquid only corresponds to about 
5% of the aspirated sample. 
The resulting aerosol is sent to the ICP torch by means of a connecting tube. The sample introduction 
system for this technique unfortunately allows only between 1 and 5% of the sample solution to be 
introduced. 
The source is an inductively coupled plasma that, for this technique, constitutes both the atomization 
and excitation system of the sample. The optic used in this work was axial and there was a nickel 
cone to eliminate interferences. 
 
 
Figure B-9. Scheme of the instrumentation for ICP-AES technique. 
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The elements and the relative wavelengths are shown in the following table (wavelengths are reported 
in nm): 
 
 Fe Pb Ag Cu Cd 
λ1 234.350 220.353 328.068 324.754 214.439 
λ2 240.489  338.289 327.395 226.502 
λ3 259.837    228.802 
 
The detection limit is defined as the smallest concentration for which the analytical signal can be 
distinguished from the instrumental background. The theoretical instrumental detection limit for the 
analyzes is around 0.0003 ppm. The experimental detection limits obtained for the various analytes 
in the working conditions are hereafter listed: Fe 0.039 ppm, Pb 0.009 ppm, Cu 0.010 ppm, Ag 0.008 
ppm and Cd 0.004 ppm. The instrumental precision of this technique is very high: the most significant 
contribution to instrumental noise is due to the sampling system. In addition, an internal standard 
(lutetium) has been used for all the analyzes. 
 
Sample Preparation: In the framework of this thesis, we used ICP-AES to analyze solutions deriving 
from capture and recovery of metal ions by NPs in a ICP-AES VISTA PRO Varian (Springvale, 
Australia).  
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